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A SIMULATOR INVESTIGATION O F  PILOT PERFORMANCE 

DURING EXTENDED PERIODS OF LOW-ALTITUDE, 

HIGH-SPEED FLIGHT 

By S. M. Soliday and B. Schohan 

SUMMARY 

Eight experienced jet test  p i l o t s  performed p i lo t ing  and navigat ional  t a s k s  
during simulated low-altitude high-speed (LAHS) f l i g h t ,  The t e s t s  were made i n  
a f l i g h t  simulator t h a t  consis ted of a ve r t i ca l ly  moving cockpit having a t o t a l  
t r a v e l  of approximately 12 feet and an accelerat ion capab i l i t y  of f 6G. 
simulator had a funct ional  cont ro l  system and an associated analog computer f o r  
obtaining so lu t ions  t o  the  equations of motion of a mechanized a i r c r a f t .  

The 

The experimental f l i g h t s  were made under varying conditions of gust, ter- 
Performance and physiological measures were recorded con- 

Blood samples, drawn a f t e r  c e r t a i n  f l i g h t s ,  were 
ra in ,  arri airspeed. 
t i n u a l l y  during the  f l i gh t s .  
s tudied t o  determine biochemical e f f e c t s  of the f l i g h t  s t r e s ses ,  

Pitching e r r o r s  made by the  p i l o t s  varied with t e r r a i n  and airspeed, and 
increased when t h e  v e r t i c a l  acce le ra t ions  increased in magnitude. 
errors h c r e a s e d  steadiLv as t h e  gust-inauced normal acce lera t ions  h x e a s e d .  
Performance of t h e  navigat ional  t a s k  did not vary with terrain, airspeed, or 
accelerat ions.  
hear t  r a t e ,  and resp i ra tory  rate varied systematically with severa l  of t h e  
experimental conditions. 
s u f f i c i e n t  t o  warrant fu r the r  study as indices of LAHS f l i g h t  s t r e s s .  

Alt i tude 

Control s t i c k  displacement , frequency of con t ro l  s t i c k  movement , 
Changes in c e r t a i n  enzymes were detected which were 

A pencil-type side-stick con t ro l l e r  w a s  much more e f f i c i e n t  than a con- 
ventional center-s t ick con t ro l l e r  i n  t h e  simulated f l i g h t s .  
t a s k  performance e r rors ,  t o t a l  acce le ra t ions  of  t h e  simulator, and hear t  and 
r e sp i r a to ry  rates were reduced. 
s ide-s t ick than  with the  center-s t ick controller. 

With t h e  side-stick, 

I However, fa t igue e f f e c t s  were g rea t e r  with the  

Pi tch augmentation a f fec ted  only p i tch  e r rors  and cont ro l  s t i c k  movements. 

Human t r a n s f e r  funct ion coe f f i c i en t s  varied with t a s k  complexity. 

Conclusions were discussed and recommendations made . 
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INTRODUCTION 

Analyses of a i r c r a f t  penetrat ion missions show t h a t  t he  low-altitude, high- 
speed (LAHS ) mission may provide a superior  surv iva l  probabi l i ty  over missions 
flown a t  higher a l t i t udes .  
consideration t h e  capab i l i t y  of airborne man-machine systems t o  perform effec-  
t i v e l y  a t  a l t i t u d e s  below one thousand f ee t .  Ai rcraf t  handling and r id ing  
qua l i t i e s  i n  LAHS f l i g h t  have previously been s tudied (e.g., Reference 1). In  
addition t o  a i r c r a f t  capabi l i ty ,  p i l o t  capab i l i t y  i n  the  LAHS regime must a l so  
be determined. This l a t t e r  capabi l i ty ,  pa r t i cu la r ly  t h e  a b i l i t y  of p i l o t s  t o  
perform e f fec t ive ly  in t h i s  environment, i s  of c r i t i c a l  importance t o  imple- 
mentation of t h e  LAHS concept. 

However, these  surv iva l  s tud ies  do not take i n t o  

Sustained low-altitude, high-speed f l i g h t s  pose ser ious  man-machine prob- 
Error to le rances  a r e  r e l a t i v e l y  l e m s  not encountered in other  f l i g h t  regimes. 

small i n  t he  primary t a sk  of cont ro l l ing  the  a i r c r a f t ,  thus  demanding intense 
concentration from the  p i lo t .  Associated cockpit du t ies ,  i f  required, w i l l  
compound t h e  task-time loading on the  operator. Motion of t he  p i l o t ' s  body i n  
atmospheric turbulence incurs  problems of v i sua l  eff ic iency,  fa t igue ,  var iable  
s t i c k  inputs, s ea t  restraint and bodily comfort. These f a c t o r s  tend t o  reduce 
t h e  p i l o t ' s  a b i l i t y  t o  f l y  t h e  mission with precis ion,  However, t h e  magnitude 
of t h i s  performance degradation i s  unknown. 

The a i rp lane  i s  a l so  subjected t o  severe gust loads, t o  pilot-induced 
overloads (correct ion of own e r r o r s )  and t o  maneuver loads imposed by t e r r a i n  
following. Thus, t he  closed loop man-machine system in t e rac t ions  are highly 
s igni f icant  i n  any assessment of LAHS f l i g h t  capabi l i ty .  

Parts of t h e  ove ra l l  problem have been s tudied i n  the  past, e.g., laboratory 
vibration and fa t igue  s tudies .  
psychomotor and physiological da ta  during f l i g h t  test programs. However, severa l  
f ac to r s  which limited, or a t  least adversely a f fec ted ,  operator capab i l i t y  
under LAHS f l i g h t  conditions could not be measured i n  f l i g h t  t e s t  programs be- 
cause of (I) operator instrumentation d i f f i c u l t i e s ,  (2) lack of control led,  pre- 
dictable  environmental conditions (e.g. gusts) ,  ( 3 )  l ack  of control led experi- 
mental conditions, and (4) hazards involved i n  LAHS f l i g h t  experiments. 
machine system simulation is  t h e  only f e a s i b l e  technique f o r  overcoming the  
l imitat ions of f l i g h t  test programs and i so l a t ed  laboratory s tud ie s  i n  obtaining 
data  t o  systematically document the  in t e r r e l a t ionsh ips  among system and operator 
psychomotor performance and physiological response. 

Attempts have a l s o  been made t o  obtain operator 

Man- 

This study was conducted t o  inves t iga te  p i l o t  performance and physiological 
responses under simulated LAHS conditions i n  a closed loop man-machine f l i g h t  
system, using a motion simulator capable of reproducing gust-induced normal 
accelerations. More spec i f i ca l ly ,  t h e  objec t ives  were t o  measure p i l o t  pro- 
ficiency, vehicle  accelerat ions,  and p i l o t  physiological  responses in a manned 
a i r  vehicle system during sustained LAHS f l i g h t ,  and t o  r e l a t e  these  measure- 
ments t o  a i r c r a f t  speed, gust acce le ra t ion  environment, and t e r r a i n  contour. 
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METHOD 

Subjects 

Eight experienced j e t  t e s t  p i l o t s  participated i n  t h e  main experinent . 
Ynree were from NASA, two were f r o m t h e  U. S. A i r  Fcrce, two were from t h e  
U. S. Navy, and one was an employee of North American Aviation, Inc. Their 
ages ranged from 27 t o  45, t h e i r  heights from 5'4" t o  61111, and t h e i r  weights 

and 
a l l  had previously had LAHS f ly ing  experience. 
from ;43 io 17G poiiiids. :et fPJ-ing heurs ranged f r m  1500 to !$XC.'c! h m m ,  

The Dgnamic Flight Simulator ( G S e a t )  

The dynamic f l i g h t  simulator used i n  t h i s  study consisted of a v e r t i c a l l y  
moving cockpit having a t o t a l  t r a v e l  of approximately twelve f e e t  and t h e  
capab i l i t y  of accelerat ing up t o  _+ 6G, a functional control  system and cockpit 
display and an analog computer f o r  obtaining solut ions t o  equations of motion 
(Figure A l ,  page 38; Figure A2, page 39; Reference 26). 

Longitudinal control  system f e e l  character is t ics ,  such as bob weight 
forces,  viscous damping, and bungee r a t e ,  were simulated by using a f e e l  simu- 
l a t o r  which w a s  simply a hydraulic actuator  with feedback from s t i c k  rate and 
displacement, and a i r c r a f t  load f a c t o r  and pitch acceleration. Safety and 
l imi t ing  c i r c u i t s  were used t o  modify t h e  input command t o  t h e  Eseat  servo. 
The seat is z c t m l l y  a posi t ion servo with a + 6 feet  t r ave l .  
+ - 20 v o l t  limiter was  incorporated as an e iecz r i ca i  s top  on seat i r ave i .  
Frequency response ca l ib ra t ions  of t h e  G-seat a r e  given on page32of Appendix A 
and i n  Figure A3,  page 40. 

Therefore, a 

The simulator was equipped with a modified A-5A seat which used t h e  inte-  
grated t o r s o  harness system of t h e  F9F-8T. 
does not incorporate an i n e r t i a  reel, t h e  operator 's  shoulders were held 
r i g i d l y  against  t h e  back of t h e  seat. 

Since t h e  system i n  t h e  G s e a t  

The Mechanized Aircraf t  

The analog computer was mechanized f o r  f i v e  degrees of freedom, as des- 
cribed i n  Table A l ,  page 36. 
G s e a t  i n  t h e  v e r t i c a l  axis, and r o t a t i o n a l p o s i t i o n s  i n  pitch,  r o l l ,  and yaw 
were displayed on an a l l - a t t i t ude  indicator.  Deviations f o r  t h e  equations of 
motion were supplied by NASA. 
Coefficients f o r  t h e  equations of m t i o n  are l i s t e d  i n  Table A2, page 37. 
Longitudinal short-period and la teral-direct ional  cha rac t e r i s t i c s  of t h e  mechan- 
ized aircraft are described on pages 32 and 33 of Appendix A. 

P i lo t s  were thus provided physical motion of t h e  

They are representative of a TFX-type a i r c r a f t .  

3 



The addition of two degrees of freedom over the  conventional t h r e e  w a s  t o  
obtain da ta  on exc i ta t ion  of t h e  dutch r o l l  mode, i f  it appeared. 

Displays 

The p i l o t s  used information f r o m  four  funct ional  instruments: a cathode- 
ray tube (CRT), an a l l - a t t i t ude  ind ica tor  (AAI), a radar  a l t imeter ,  and a 
rate-of-climb indicator.  Figure 4, page 41, i l l u s t r a t e s  t h e  instrument panel 
layout b 

The CRT provided a command e r r o r  display through movements of one of  two 
luminous horizontal  l i n e s  on t h e  tube face. 
and was s ta t ionary;  t h e  other  l i n e  represented t h e  horizon, and w a s  movable. 
Displayed e r r o r  was a combination of p i tch  e r r o r  and a l t i t u d e  e r ror .  
error was t h e  angle between t h e  instantaneous p i tch  a t t i t u d e  of t h e  a i r c r a f t  
and the t e r r a i n  slope 2.5 seconds ahead of t he  a i r c r a f t .  
second lead time, the  p i tch  e r r o r  ac tua l ly  represents  a projected p i t ch  e r ror . )  
Altitude e r r o r  was the  deviat ion f r o m  a base a l t i t u d e  of 500 f e e t  above t h e  
te r ra in ,  and was measured d i r e c t l y  beneath t h e  a i r c r a f t .  
two er rors  provided, i n  one e r r o r  signal,  information about oncoming t e r r a i n  
slopes and present a l t i t ude .  
t h e  a i r c r a f t  would be at, o r  converging on, a predetermined (500 f t )  height 
above the  t e r r a in .  
and the f ixed a i r c r a f t  reference w a s  e uivalent t o  10 degrees of projected pi tch 
error or 400 ' feet  of a l t i t u d e  e r ror .  9 See Figure AS, page 42, f o r  a block 
diagram describing the  s igna l  flow f o r  a i r c r a f t  a l t i t u d e  and p i tch  control.)  

One l i n e  represented t h e  a i r c r a f t ,  

Pitch 

(Due t o  t h i s  2.5 

Summation of t h e  

As long as the  correct  p i tch  angle w a s  maintained, 

A displacement of one inch between t h e  moving t e r r a i n  t r a c e  

The A A I  w a s  a standard instrument driven by t h e  computer. As previously 
noted, it showed all a i r c r a f t  r o t a t i o n a l  posit ions,  Le., pitch,  roll ,  and 
heading, Although most of t h e  f l i g h t  information on t h e  dynamic behavior of 
t h e  a i r c r a f t  was displayed, it was used primarily t o  obtain heading information. 
The radar a l t imeter  presented height d i r e c t l y  under the a i r c r a f t .  Instantaneous 
rate of climb, computed f r o m  a t t i t u d e  angle and airspeed, w a s  displayed on t h e  
rate-of-climb indicator.  

An e lec t ronic  Gmeter, clock, and mechanical Gmeter were a l s o  provided. 
The instrument panel a l s o  contained durmqy instruments t o  enhance realism. 
instruments were illuminated with red l i gh t s .  

A l l  

Controls 

Controls consisted of a center-s t ick con t ro l l e r  funct ional  i n  lateral and 
longitudinal modes, adjustable  dummy rudder pedals, and a microphone switch on 
a dunnqv t h r o t t l e .  
and an offse t  g r i p  (Figure A6, page 43). 

The cont ro l  s t i c k  w a s  a standard type, with a curved sha f t  
It had a longi tudina l  trim button 



and an emergency f r k i l l "  but ton which would stop seat motion when pressed. A 
de ta i l ed  descr ip t ion  of cont ro l  s t i c k  force  and displacement c h a r a c t e r i s t i c s  
is  given on page 33 of Appendix A, and i n  Figures A7-Al0, pages 44-47. 

Physiological Apparatus 

A NASA-Ames physiological package was in s t a l l ed  outs ide t h e  cockpit on a 
r i g i d  platform. The package w a s  linked by a cable t o  a receptacle  on t h e  l e f t  
of t he  p i l o t ' s  seat, and by another cable t o  t h e  recorder and power source. A 
t.me E, 8-chamel, w - q y a p h  (Offner ~ ~ ~ t r a n i c - s  1 recorder was used to provide 
continuous t r a c e  records from t h e  physiological sensors. 

The sensors  were attached d i r e c t l y  t o  the p i l o t ' s  body. Leads f r o m t h e  
sensors were connected t o  another set of leads which were part of a harness 
worn over t h e  shoulders. 
t u r n  was l e d  out through a s ide  pocket of the f l i g h t  suit and plugged i n t o  t h e  
receptacle  a t  the  l e f t  of t h e  seat. The harness with i n t a c t  e lec t rodes  could, 
of course, be worn while a subject  was not in t h e  G s e a t .  

The harness leads were gathered i n t o  a cable which i n  

Continuous t r a c e  records were obtained fo r  t he  follcwing var iables:  two 
electrocardiograms (EKG), one from s t e r n a l  and t h e  o ther  from l a t e r a l  e lectrodes;  
a pulse wave, from an ear piece photocell pick-up; a r e sp i r a to ry  t r a c e  of in- 
sp i r a t ion  pa t t e rns  f r o m  a strain-gauge pneumotachometer, and a second respira-  
t o r y  t race ,  both of insp i ra t ion  and expiration, from l a t e r a l  chest  e lec t rodes  
of an impedance pneumograph. 
ment are given on pages 33 and 34, Appendix A. 

Deta i l s  of t h e  sensors  and t h e i r  modes of a t tach-  

In addi t ion  t o  the  Offner Recorder, an oscilloscope was l i i a ta l led  h t h e  
experimental room t o  f a c i l i t a t e  medical monitoring of one or t h e  o ther  EKG's. 

Blood and Urine Samples 

Blood and ur ine specimens were obtained from t h e  p i l o t s  before they  re- 
ported t o  t h e  t e s t i n g  f a c i l i t y .  
frozen, and flown o r  brought t o  the  t e s t i n g  f a c i l i t y  in a frozen s t a t e  along 
wi th  the  urine samples f o r  analysis .  
various experimental f l i g h t s ;  these  specimens were allowed t o  c lo t ,  centrifuged, 
and s tored  frozen u n t i l  analyzed. 
t e s t i n g  f ac ilit y . 

The serum so obtained was frozen, s tored  

Blood specimens were obtained a f t e r  

Urine specimens were also obtained at t h e  

Fkperimerrtal (Independent ) Variables 

Gusts. To simulate U S  buffeting, gust da t a  w e r e  used with acce lera t ion  
t ime-his tor ies  of root  mean square (FfMS) gust v e l o c i t i e s  of 2, 10, and 20 f t /sec.  
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The 2 f t /sec l e v e l  provided a base-line condition ( r e a l  world probabi l i ty  = 
.885 of t h e  RMS gust being - 2 f t / s ec ) ;  10 f t / sec  represented the  maximum 
real world in t ens i ty  ( p '  
t he .20  f t / sec  leve l ,  even though u n r e a l i s t i c  i n  f l i g h t  except, perhaps, in 
thunderstorms, was chosen because it provided a high degree of acce lera t ion  
stress. A l e v e l  a s  high as 20 f t / s ec  was necessary because of t he  low gust 
s ens i t i v i ty  of t h e  mechanized a i r c r a f t  ( i t  had 1/2 t o  l/3 of t h e  s e n s i t i v i t y  
of a standard f ixed  wing subsonic f i g h t e r ) .  

.001 of t h e  RMS gust being 2 10 f t / s ec ) ;  and 

Recordings were made of t h e  a c t u a l  RMS gust input t o  the  seat and of t h e  

These recordings were made with t h e  cont ro l  s t i c k  
resu l t ing  RMS G loading f o r  each gust-airspeed combination t h a t  was used as 
an experimental cond i tbn .  
f i xed  and with a 180 pound weight in t h e  seat. 
Appendix A. 
gus t s  is included in this sec t ion  of Appendix A. 

c o n t o m a n d  l e v e l  (L'). The C t e r r a i n  represented r o l l i n g  deser t  t e r r a i n  
which varied ,+ 250 ft. from a median base leve l ,  wi th  a maximum slope of 2 5 
degrees. The t racking t a s k  over L t e r r a i n  was created i n  two w a y s :  
p i t ch  disturbances were caused by inadvertent  cont ro l  s t i c k  inputs  and by 
inaccurate correct ions of ex is t ing  e r ror .  Second, t he  gus ts  themselves caused 
s l i g h t  p i tch  changes when they acted on t h e  a i r c r a f t  equations, and, in addi- 
t i on ,  there  w a s  a s l i g h t  computer d r i f t  i n  pitch. 

They a r e  l i s t e d  on page 35 
A discussion of per t inent  d e t a i l s  of methods used t o  obta in  the  

Terrain. Experimental f l i g h t s  were made over two types of t e r r a i n :  

f i r s t ,  

C t e r r a i n  and gusts  were both recorded on t h e  same magnetic tape. 
took about 55 minutes t o  run. The t e r r a i n  w a s  repeated every 20 minutes on 
t h i s  tape, while t he  gust pa t te rns  were randomized through the  55 minutes. 
In f l i g h t s  over C terrain, signals from t h e  t e r r a i n  and gust records were both 
picked up by the  computer. In f l i g h t s  over L t e r r a i n ,  gust s igna ls  only were 
picked up by the  computer. Both t h e  gust and t e r r a i n  inputs  were t h e  same as 
those  used i n  Reference 1. 

The tape 

Airspeed. Airspeeds of Mach number 0.9 and 1.2 were used i n  t h e  study. 
The t e r r a i n  tape w a s  run a t  the  same speed f o r  both Mach numbers so t h a t ,  
physically, t h i s  would mean t h a t  t he  t e r r a i n  f o r  1.2 M would be more gent le  than 
t h e  t e r r a i n  f o r  0.9 M (lower s lopes due t o  g rea t e r  d i s tances  from peak t o  peak). 
However, for t h i s  experiment, an i d e n t i c a l  t racking t a s k  was produced f o r  both 
Mach numbers, with only a change i n  a i r c r a f t  response c h a r a c t e r i s t i c s  serving 
t o  d i f f e ren t i a t e  t he  two airspeeds; t h e  a i r c r a f t  a t  1.2 M w a s  quicker i n  t h e  
longi tudinal  short-term frequency response and it damped out slower than a t  
0.9 M. 

Experimental Design 

The two airspeeds, t h ree  gust leve ls ,  and two types  of t e r r a i n  were com- 
bined in to  a 2 x 3 x 2 f a c t o r i a l  design. 
conditions are summarized in Table A3, page 37. 

The r e s u l t i n g  twelve d i f f e ren t  
Each p i l o t  w a s  t o  make a f l i g h t  
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under each of t h e  twelve conditions. 
t h e  p i l o t s  t o  con t ro l  order e f f e c t s  such as learning and fat igue.  

The conditions were presented randomly t o  

A l l  of t h e  f l i g h t s  l a s t ed  f o r  one and one-half hours. A l l  f l i g h t s  were 
made a t  a constant speed, e.&. i f  a f l i g h t  were made a t  0.9M, t he  e n t i r e  
1 1/2 hours were flown a t  tha t  speed. 
ously during t h e  1 1/2 hours, except f o r  a 3-4 minute break t h a t  occurred 
about 55 minutes from the  beginning. 
gust  and terrain tape. While undesirable from an experimental point of view, 
t h i s  pause probably d id  not give t h e  p i l o t  enough rest t o  allow recovery from 
fa t igue  (see page 17). 

The pi lot  w a s  required t o  f l y  continu- 

This break was required t o  rewind t h e  

An intercommunication system allowed pilot ,  experimenter, G-seat operator, 
and computer personnel t o  t a l k  among themselves at  any time during a mission. 
Discussion w a s  l imited t o  top ic s  per t inent  t o  t h e  conduct of t h e  experimental 
f l i g h t s .  

Tasks Required of t h e  P i lo t  

The experimental f l i g h t s  were organized i n t o  simulated missions. During 
each mission, two p r inc ipa l  t a s k s  were required. 

The p i lo t s '  primary t a s k  was t o  n u l l  t h e  

They were t h e  following: 

Pitch Anale and Alti tude Hold. 
e r r o r  displayed on t h e  CRT. 
horizontal  line, would move r e l a t i v e  t o  a fixed short hor i zon ta l  l i n e  ( a i r c r a f t )  
on t h e  scope. 
t h a t  t he  a i r c r a f t  w a s  pitched higher o r  laver than desired. Appropriate con t ro l  
s t i c k  inputs by t h e  p i l o t  would move the  signal t o  t h e  f ixed  l i n e ,  thus main- 
t a i n i n g  t h e  desired p i t ch  angle. 
i n  t h a t  the f ixed  a i r c r a f t  should be flown t o  t he  horizon. 

The pi tch command signal,  represented by a long 

Displacement of t h e  s igna l  above o r  below t h e  fixed l ine denoted 

The systemworked like an a t t i t u d e  indicator  

Headinq. The p i l o t  was instructed t o  maintain a 360' heading during t h e  
first, middle, and last f i f t e e n  minutes of  f l i gh t .  However, he had t o  monitor 
t h i s  heading, because a pseudo s p i r a l  divergence was introduced i n  t h e  form of 
a constant heading d r i f t .  
w a s  not given t h i s  information.) 
w a s  t o  be corrected whenever it became noticeable. 

(Note: The d r i f t  w a s  2' per minute, but t h e  p i l o t  
The heading d r i f t  appeared on t h e  A A I ,  and 

The remainder of t h e  mission was divided i n t o  9 segments of 5 minutes each, 
with each segment containing a heading change ( turn) .  When a t u r n  was required, 
it w a s  ca l l ed  out t o  t h e  p i l o t  by t h e  experinenter, who was ac t ing  as navigator. 
The s i z e  of t h e  t u r n s  ranged from 5 t o  40°. 
in s i z e  and d i r e c t i o n  wi th ina  given mission and from mission t o  mission, t h e  
t o t a l  degrees turned i n  each of t h e  other  missions, and t h e  number of d i f f e ren t  
d i r ec t ions  ( left  o r  r i g h t )  w a s  t h e  same i n  a l l  missions. Size and d i r e c t i o n  
va r i a t ions  in t u r n  pat terns  were used t o  prevent memorization of a p a r t i c u l a r  
pat tern.  

Although individual  t u r n s  varied 
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Testing Schedule 

The t e s t i n g  period l a s t e d  two weeks f o r  each p i lo t .  
t e s t ing  f a c i l i t y  a t  a given time, a r r iv ing  a t  the  same time, and leaving a t  the  
same time. 
cussed with the  p i l o t s  and they were given a physical exminat ion.  

Two p i l o t s  were at  the  

On the f i r s t  day of duty, per t inent  d e t a i l s  of t h e  study were d is -  

On t he  second day of duty, each p i l o t  was given a s e r i e s  of t r a i n i n g  f l i g h t s  

Physiological measurments were made during t h e  
i n  the  Gseat cor.sisting of short  f l i g h t s  under a l l  of t h e  condi t ions t o  be 
encountered in the  experiment. 
t ra in ing  session. 

On t h e  day a f t e r  t h e  t r a i n i n g  session, t h e  experimental f l i g h t s  began. 
Three f l i g h t s  were made each day. 
for one p i l o t ,  and one f o r  t h e  other  t h a t  same day. 
f i n i s h  a l l  of t h e i r  twelve f l i g h t s  on t h e  same day, t he  p i l o t  who =de two f l i g h t s  
one day &de one the  next day, e tc .  

T h i s  r e su l t ed  i n  two f l i g h t s  i n  a given day 
In order  t o  have both p i l o t s  

No attempts were made t o  control  t he  subjec ts '  a c t i v i t i e s  outs ide the  t e s t -  
ing f a c i l i t y  other  than asking them t o  r e f r a i n  frolr excessive amounts of tea ,  
coffee, i c e  cream, and bananas f o r  a few hours before a blood sample was t o  be 
drawn. 

Recorded Data (Dependent Variables) 

Performance Measurements. Performance da ta  were r e c o r M  by two six-channel 
pen recorders. Deviations f r o m t h e  bias a l t i t u d e  of 500 f e e t  were in tegra ted  
each minute as RMS a l t i t u d e  e r ro r  (He). 
t he  ac tua l  pitch a l t i t u d e  of t he  l 'a i rcraf t ' l  and t h e  t e r r a i n  slope 2.5 seconds 
ahead of t he  a i r c r a f t  were integrated each minute as RMS p i tch  e r r o r  (Pe). 
Longitudinal cont ro l  s t i c k  displacements were recorded continuously on one re- 
corder channel and in tegra ted  each minute as RMS longi tudina l  s t i c k  displace- 
ment over another (RMS s t ) .  Individual acce lera t ions  at  the  p i l o t ' s  sea t  were 
a l so  continuously recorded on one recorder channel and in tegra ted  each minute 
over another (as  FNS G). Average values per minute of t r a n s f e r  funct ion co- 
e f f i c i e n t s  lag  ('0 and gain ( ' ) of a synthesized p i l o t  p lus  cont ro l  s t i c k  
t r ans fe r  funct ion were recorded (see page 20 for  a descr ip t ion  of t he  form of 
t h i s  t ransfer  function). 

The instantaneous d i f fe rences  between 

A continuous t r a c e  of t h e  t e r r a i n  and a c t u a l  f l i g h t  path over it w a s  a l s o  
obtained. 
from t h i s  t race .  Traces of t he  ac tua l  e r r o r  displayed on t h e  CRT, heading, and 
l a t e r a l  cont ro l  s t i c k  displacements were recorded continuously on each of t h r e e  
recorder channels. Table A4, page 37, summarizes all of t h e  recorded measure- 
ment s. 

Altitude maintained at  any point  i n  the  mission can be determined 
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Figures All and A12, pages 48and 49 are examples of t h e  types of perform- 
ance records obtained. Measures on each channel are i d e n t i f i e d  on t h e  records. 
They a r e  from about 3 1/2 minutes of one of the f l i g h t s ,  and a r e  read from 
r i g h t  t o  l e f t .  

Treatment of Performance Data. Due t o  the r e l a t i v e l y  l a rge  number of var- 
i a b l e s  recorded i n  each f l i g h t ,  and t o  t h e  number of f l i g h t s  made, it was not 
p r a c t i c a l  t o  tabula te  scores f o r  every minute. 
cedure was followed. 
36-49, 61-65, and 85-90 i n  each f l i g h t .  
scores f o r  each variable.  
no turns,  while t h e  two middle periods each contained one turn.  
t i o n a l  number of t u r n s  i n  t h e  sample was  then 2/20, which matched t h e  propor- 
t i o n a l  number of t u r n s  i n  t h e  e n t i r e  f l i g h t  (9) t o  t h e  number of minutes i n  
t h e  ent i re  f l i g h t .  

Therefore, a sampling pro- 
Scores were tabulated for each minute of minutes 11-15, 

This produced a sample of twenty 
The first and las t  five-minute periods contained 

The propor- 

To determine t h e  v a l i d i t y  of t h i s  sampling procedure, scores were first 
tabulated f o r  a l l  ninety minutes f o r  a l l  of t h e  measured var iables  on several  
d i f f e ren t  f l i g h t s ,  
compared t o  t h e  means and standard deviations t h a t  would have resul ted from t h e  
sampling procedure. Agreement between t h e  two sets of scores was excellent.  
In addi t ion t o  t h i s  comparison, it was found t h a t  no consecutive five-minute 
t e r r a i n  and gust sample d i f f e red  s ignif icant ly  from any o the r  consecutive five- 
minute sample i n  terms of number of peaks and va l l eys  and steepness of slopes,  
and i n  terms of  s eve r i ty  of gusts. In t h i s  connection, it w a s  a l so  determined 
t h a t  t h e  r e l i a b i l i t y  of a l l  measurements was excellent.  

Means and standard deviations of t hese  scores were then 

?t;.,.sisbgiczl Keasure!~ents. FQr each of the simulated fiignts, t h e  average 
hear t  r a t e  and average respiratory rate were determined by examination of t h e  
physiological tracings.  A t  t h e  beginning and end, and a t  f i v e  t o  t e n  minute 
i n t e r v a l s  during t h e  f l i g h t ,  t h e  number of heart beats and r e sp i r a t ions  i n  a 
one-minute t i m e  period were counted. 
changes i n  t h e  impedance pneumograph and pneumotachometer t racings,  a compari- 
son of t h e  two was possible by calculat ion of t h e  areas under t h e i r  respective 
curves. Measurements during several  one-minute i n t e r v a l s  i n  a given f l i g h t  
were used t o  ca l cu la t e  t h e  averages. Figure A 1 3 ,  page 50, i s  an example of 
a t y p i c a l  physiological tracing. 
tracing. 

Because r e sp i r a t ion  caused simultaneous 
I 
I 

Ident i f icat ion of each channel i s  made on t h e  
The record i s  read from l e f t  t o  right. 

Biochemical Measurements. Enzymes measured included glutamic-oxalacetic 
transaminase (GOT), glutamic-pyruvic transaminase (GPT), l a c t i c  dehydrogenase 
(LDH), malic dehydrogenase (MDH), a ldolase (ALD), leucylaminopeptidase, (LPD), 
phosphohexose isomerase (PHI), acetylcholinesterase (ACE), and a lka l ine  
phosphatase (ALK PH). 
were determined on some of t h e  specimens. 

I 
I 

Cholesterol l e v e l s  and percentage cholesterol  e s t e r s  

I P i l o t s '  Comments. P i l o t ' s  documented comments are presented in Appendix E, - 
Pages 85-91. 
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Urines were analyzed for 17-ketosteroids (17 KS), 17-hydraxycortico- 
s t e ro ids  (17-OHCS), and vanillomandelic acid (M). 
d i f f i c u l t  and because of a possible inac t iva t ion  of t h e  enzyme used in t h e  
analysis t h a t  made t h e i r  r e s u l t s  questionable, 17-OHCS were not measured on 
t h e  l a t e r  specimens. Since c rea t in ine  excretion is  normally constant for a 
24-hour period, a low value is  ind ica t ive  of  a n  incomplete col lect ion.  
Creatinine analyses were, therefore,  added t o  overcome t h e  d i f f i c u l t y  of in- 
complete urine col lect ions.  
substances per gram of creatinine.  

Because t h e  analysis  w a s  

This w a s  done by ca l cu la t ing  excretions of other  

RESULTS AND DISCUSSION 

Although 96 f l i g h t s  were planned, several were l o s t  due t o  t h e  reassign- 
ment of one subject p i l o t  after one of t h e  two scheduled weeks, t h e  discontinua- 
t i o n  of h a l f  of a f l i g h t  schedule f o r  another af ter  an apparently abnormal EKG 
w a s  recorded i n  a f l i g h t  (see page 15), and occasional e q u i p e n t  failures. 
Since subjects were unable t o  r e t u r n  t o  t h e  t e s t i n g  f a c i l i t y  after t h e i r  two 
weeks, l o s t  f l i g h t s  could not be made up. These results are, then, based on a 
t o t a l  of e ighty f l i g h t s .  
times caused lo s ses  within these eighty, and so t h e  number of measurements 
actual ly  used i n  t h e  various s t a t i s t i c a l  tests can be determined from t h e  
associzted degrees of freedom. 

D i f f i c u l t i e s  wi3h individual recording channels some- 

Throughout t he  rest of t h i s  report ,  abbreviations f o r  t h e  twelve experi- 
An abbreviation cons i s t s  of a number followed by mental conditions are used. 

a l e t t e r  which is  i n  t u r n  followed by a second number. The first number r e f e r s  
t o  the RMS gust l eve l ,  t he  l e t te r  t o  t h e  type of t e r r a i n ,  and t h e  second number 
t o  the  airspeed; e.g. i n  20C12, t h e  RMS gust l e v e l  i s  20 ft /sec,  t h e  t e r r a i n  
i s  contour, and t h e  airspeed i s  1.2 Mach number. 

Measured Acceleration Environment 

G Loadings Associated with Each Fl ight  Condition. Accelerations from t h e  
p i l o t ' s  seat were measured by an accelerometer attached t o  t h e  seat. 
was recorded each minute. 
each individual f l i g h t ,  and then mean values of t h i s  measure were determined f o r  
each f l i g h t  condition by averaging t h e  mean values with each condition. The 
l a t t e r  means are l i s t e d  i n  Table B1, page 51. Peak G ' s ,  which show t h e  G range 
a t  each condition, are a l s o  l i s t e d .  There are marked G increases  associated 
with gust level increases. G i s  higher at  1.2 than at 0.9M, and i s  generally 
higher i n  f l i g h t s  over contour t e r r a in .  
gust levels, and are higher a t  the  higher airspeed. However, t he re  is  very lit- 
t l e  difference i n  peak G ' s  between contour and level f l i g h t s .  

FLI4.S G 
Average (mean) values of t h e  RE4S G were computed f o r  

Peak G ' s  are higher a t  t h e  higher 



Total  G a t  the beginning of f l i g h t s  WES compared t o  t o t a l  G a t  the end t o  
No s ign i f i can t  beginning-end differences determine if it increased over time. 

were found; therefore,  G experienced by the p i l o t s  did not  change as a funct ion 
of time. 

M a x i m u m  FOG G I s  were measured i n  condition 20C12. The mean RIS G l e v e l  in 
t h i s  condition was .2910, a value t h a t  is about 30 percent over the tolerance 
boundary established i n  previous s tud ie s  (References 1 and 29). Although the 
maximum RIG G I s  i n  the present study a r e  i n  the " intolerable"  accelerat ion 
region, performance errors did not increase over the ninety minutes (see dis- 
cussion under Fatigue, page 16) .  Further, the p i l o t s  did not  r e p o r t  being un- 
duly s t ressed,  or even t h a t  they were fatigued af ter  ninety minutes a t  the 
highest  G levels. 
f t / s e c  gust level ,  but there  were no r epor t s  t h a t  it increased from beginning 
t o  end of f l i g h t s  (see P i l o t s '  Comments, Appendix E, pages 85-91). 

l o a d i s b e d  above ("Total GI!) with RMS G loadings obtained when a 180 
pound weight was i n  t h e  s e a t  and the control s t i c k  was f ixed  (I1Actual GI1). 

These comparisons are l i s t e d  i n  Table E, page 51. 
f o r  t o t a l  G t o  become r e l a t i v e l y  less a s  G commands from the computer (actual  
G) increase i n  magnitude, i.e. p i l o t s  maneuvered i n  such a way as t o  sub t r ac t  
from the command G r a t h e r  than add t o  it. 
the  comfort of the p i l o t s  a t  the higher G levels. 

Some o f  the p i l o t s  did mention v i s ion  blurr ing a t  the 20 

of -. It is of i n t e r e s t  t o  compare the RIG G 

There is  a d e f i n i t e  tendency 

T h i s  procedure undoubtedly increased 

P i l o t  Performance Eleasures 

Pitch, a l t i t ude ,  ana neading errors were used as performance cr i ier la .  

o r  &. Mean values of R B  pitch error (Pe) were computed f o r  
each individual  f l i g h t ,  and then mean values o f  t h i s  measure were determined 
f o r  each f l i g h t  condition by averaging the man values within each condition. 
The l a t t e r  means and t h e i r  standard deviations are l i s t e d  i n  Table B3, page 52. 

An analysis  of variance was performed on these scores. There a r e  highly 
s i g n i f i c a n t  main e f f e c t s  f o r  a l l  t h ree  variables ( p <  .OO~ i n  a l l  three cases),  
and two s ign i f i can t  i n t e rac t ions  (airspeed by t e r r a in ,  p < -001; and gust  by 
t e r r a i n  p < .01). (Homogeneity of variance was indicated by a Bar t l e t t ' s  
t e s t ;  .E2 = 16.0887, df = 11.) Results o f  the analysis  of variance a r e  sum- 
marized i n  Table BL+, page 52. 

Individual mean differences were tested f o r  s ignif icance with Duncan 8s 
Multiple Range Test.' A l l  mean differences between l e v e l  and contour f l i g h t s  
are s ignif icant ;  there  a r e  80 percent more pitch e r r o r s  i n  f l i g h t s  over con- 
tour  t e r r a in .  In the  t e r r a i n  following mode, there  would, of course, be more 

From Edwards, Allen L., f l a l  Research 
New Ynrkr  E n l t ,  ? h e h a r t ,  and hrinston; 1?h2 (Revised Edition) .) 



and greater p i t ch  a t t i t u d e  changes when the a i r c r a f t  f l i e s  mer contour than 
when it f l i e s  over l e v e l  t e r r a i n  s ince contour t e r r a in ,  by def ini t ion,  
undulates more than l e v e l  terrain.  

Airspeed differences show a more complicated pa t t e rn  than t e r r a i n  dif-  
ferences. In f l i g h t s  over l e v e l  t e r r a in ,  the only s i g n i f i c a n t  airspeed 
differences a re  between 20L9 and 20Ll2, where there are 23 percent more e r r o r s  
a t  20L9. 
differences between the two  airspeeds a t  a l l  gust  l eve l s ;  with an average of 
19 percent more e r r o r s  a t  O.9M. 
which shows a sharp decrease i n  error  from 0.9 t o  1.2M i n  f l i g h t s  over contour 
terrain,  and a very small e r ro r  decrease from 0.9 t o  1.2M i n  f l i g h t s  over 
l e v e l  t e r r a in .  

In  f l i g h t s  over contour t e r r a i n ,  however, there  a r e  s ign i f i can t  

This pa t t e rn  can be seen i n  Figure Bl, page 64 

Figures €32 and B3, pages 65 and 66 show p i t ch  e r ro r s  as a function of RMS 
gus t  level.  
while Figure B3 shows only the  two t e r r a i n  types. 
r a i n ,  there a r e  no s i g n i f i c a n t  Pe differences between the  2 and 10 f t / s e c  gust 
l eve l s  a t  e i t h e r  airspeed, and there  a r e  no s i g n i f i c a n t  differences between 
10 and 20 f t / s e c  gusts a t  1.2M i n  t he  L f l i g h t s .  
n i f i can t ly  more p i t ch  e r r o r s  a t  20L9 than a t  10L9, (55 percent more a t  20L9). 
This pattern can be seen i n  both Figures B2 and B3, but most c l e a r l y  i n  
Figure B3, where there is a f a i r l y  sharp e r r o r  increase between the  10 and 
20 f t / s ec  gust  l e v e l s  i n  the  L f l i g h t s .  

Figure B2 shows the two airspeeds a t  each of the two t e r r a i n  types, 
In f l i g h t s  over l e v e l  ter- 

However, there  are sig- 

Gusts a f f e c t  f l i g h t s  over contour t e r r a i n  d i f f e r e n t l y  from f l i g h t s  over 
l e v e l  terrain.  
l eve l s  a r e  s ignif icant .  Here, G increased Pe I2 percent from 
g u s t  levels,  and 10 percent from 10 t o  20 f t / s e c  gust  levels .  
a t  0.9M, however, there  a r e  no s i g n i f i c a n t  differences between 2 and 10 ft /sec 
but there are s ign i f i can t ly  more e r r o r s  a t  20 than a t  10 f t / s e c  (7 percent more). 
Although G a f f e c t s  the p i l o t * s  control  a t  1.2M throughout t h e  range tes ted,  it 
should be observed t h a t  pi tching e r ro r  i s  cons i s t en t ly  g rea t e r  a t  0.9M. 

In the  C f l i g h t s  a t  1.214, differences between a l l  of the gust  
2 t o  10 f t / s e c  
In the  C f l i g h t s  

Deviations from 500 ft.  a l t i t u d e  were recorded every 
He values were computed f o r  each individual  f l i g h t ,  

and then mean values of t h i s  measure were determined for each f l i g h t  condition 
by averaging the mean values within each condition. 
t h e i r  standard deviations, are l i s t e d  i n  Table B5, page 53. 

gus t  levels;  the M a t i o  is s i g n i f i c a n t  beyond the .05 l e v e l  of confidence 
(see Table l36, page 53). 
increases. Differences between 2 and 10 ft/sec are s i g n i f i c a n t  beyond the 

The l a t t e r  averages, and 

!the only s i g n i f i c a n t  differences between the conditions are between the 

Alti tude e r r o r s  increase cons i s t en t ly  as gust  l e v e l  

Although average a l t i t u d e  e r ro r  was no t  recorded as a separate  var iable ,  it 
was measured from the  f l i g h t  path-terrain t r a c e  of s eve ra l  d i f f e r e n t  missions. 
In  a l l  cases, average He was zero or approximately zero. Jus t i f i ca t ion  f o r  
treatment of t he  RK3 scores  as standard deviat ions o r  reasonable approxima- 
tions of standard deviat ions is thus provided by t h i s  evidence. 
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.025 level ,  and differences between 10 and 20 f t / s e c  a r e  not q u i t e  s ignif icant .  
Differences between 2 and 20 ft/sec are,  of course, highly s i g n i f i c a n t  
(p C .005). Figure E& page 67, which shows He a s  a funct ion of G, shows 
t h a t  He increases s t e a d i l y  as G increases. The r a t e  of He increase is about 
25 per cent  per 0.1 R E  G. 

The absence of He differences between contour and leve l  f l i g h t s  is prob- 
ably due t o  a combination of two factors .  
designed t o  provide time f o r  t he  p i l o t  t o  respond t o  a given s lope before he 
was d i r e c t l y  over it, w a s  effective. Second, t he  contour t e r r a i n  was i tself  
r e l a t i v e l y  mild. Differences might have appeared between C and L f l i g h t s  if 
a l e s s  appropriate lead time had been used, o r  if the  s lopes had been steeper 
(rougher terrain). 

(HcL 

F i r s t ,  t he  CRT t e r r a i n  presentation, 

In addition t o  t u r n s  cal led out by the experimenter, 
t he  constant heading d r i f t  introduced i n t o  the equations of motion a l s o  caused 
departures from an assigned heading. 
par tures  depended on how quickly the p i l o t  perceived a given d r i f t  (on the AAI), 
and how e f f i c i e n t  h i s  correct ive act ions were. Since the r a t e  of d r i f t  was 
constant i n  a l l  of t he  experimental conditions, differences among the conditions 
would be due t o  the influence of the experimental va r i ab le s  on the  p i lo t .  The 
drift-caused departures represent  heading errors, and are performance cr i ter ia  
f o r  the heading task. 

The magnitude of t he  drift-caused de- 

The recorded trace of these e r r o r s  appears as a series of f a i r l y  regular  

Ihe a reas  under the  curves 
gradual deviations from the  assigned heading l ine.  
r a t h e r  rapid r e t u r n  t o  the assigned heading l ine.  
thus formed were measured with a planimeter t o  provide quan t i t a t ive  e r ro r  
scores. Mean errors per minute were determined f o r  each f l i g h t ,  and then mean 
e r r o r s  f o r  each experimental condition were determined by averaging the means 
v i t h i n  each cmditfon. 

Each departure ends with a 

An analysis  of variance y i e lds  no s ignif icant  main e f f e c t s  o r  interact ions.  

(See Table l37, page 54 f o r  a l i s t  of the heading 
.!herefore, it is concluded t h a t  there are no differences i n  heading e r ro r  due 
t o  t h e  experimental variables.  
errors ,  and 
were no differences i n  heading error,  l a t e r a l  s t i c k  movements were not studied. 

Table B8, page 54 , f o r  a summary of Hc variance). Since there  

Reduced t o  its perceptual e s sen t i a l s ,  the heading t a s k  required a dis- 
crimination of v i s u a l  differences, i.e., differences between v e r t i c a l  l i n e s  
on the AAI. 
t he  highest  gust  levels, the  blurr ing evidently was i n s u f f i c i e n t  t o  affect 
heading t a s k  performance because, if i t  had, there  would have been differences 
i n  heading e r r o r  as a function of G. 
on the a l t i t u d e  hold t a s k  t h a t  were correlated with G. However, there appears 
t o  be no reason t o  assume t h a t  blurr ing affected performance i n  t h i s  case, 
even though the  CRT l i n e s  were i n  a different  plane than the  AAI l i n e s  (hori- 
zon ta l  r a t h e r  than v e r t i c a l ) .  
and the  degree of r e s t r a i n t  of inadvertent control s t i c k  inputs  have the 
g r e a t e s t  affect  on e r r o r  production and reduction i n  t h i s  pa r t i cu la r  accelera- 
t i o n  environment (see the s ide-s t ick controller evaluation section, psges 22-25. 

Although some - but not a l l  - p i lo t s  reported v i s ion  blurr ing a t  

Qf course, there  were performance changes 

It seems more l i k e l y  t h a t  the type of control ler  

13 



Physiological Meas m e  s 

The present study o r ig ina l ly  included a Oseat val idat ion phase whose 
purpose was t o  compare physiological responses made i n  actual LAHS f l i g h t  with 
the  same kinds of responses made i n  the G s e a t .  In the simulated f l i g h t s ,  the 
G-seat was t o  have been programmed with the accelerat ion time-histories re- 
corded during the a c t u a l  f l i g h t s ,  and each p i l o t  who flew the ac tua l  f l i g h t s  
would f l y  the G-seat with t h e  accelerat ion time-history corresponding t o  the 
one recorded i n  h i s  actual f l i g h t .  However, when the f l i g h t  t e s t  physiological 
da t a  were analyzed, it was determined that t h e  data would not  permit meaningful 
correlat ion with the physiological measurements t h a t  would have been taken on 
t h e  0-seat. The study was therefore  reoriented; the va l ida t ion  phase was de- 
l e t e d  and a more systematic evaluation of the side-arm con t ro l l e r  was made. 

Except f o r  one p i l o t ,  with whom d i f f i c u l t y  i n  e l e c t r i c a l  grounding was 
experienced, the electrocardiograms were good. Pulse wave measurements were 
n o t  satisfactory.  
with the pneumotachometer. However, impedance pneumograph monitoring of 
these two parameters was very e r r a t i c ;  on many occasions no t racings a t  all 
were obtained. 
t i d a l  volumes f o r  the pneumotachometer and f o r  the impedance pneumograph indi-  
cated wide va r i a t ions  without correlat ions f o r  any of t he  conditions of t he  
s i m u l a t e d  f l i g h t s .  

Respiration r a t e  and volume were successful ly  monitored 

Analysis of the areas under the curves as a r e f l e c t i o n  of the 

Table €9, pages 55-57 , gives average hea r t  and r e sp i r a to ry  r a t e s  f o r  
each of the simulated f l i g h t s ,  categorized by p i l o t  and experimental condition. 
The average heart  r a t e s  ranged from 75 t o  94 beats per minute; the r e s p i r a t o r y  
r a t e s ,  from 8 t o  24. 
anxiety, but are within normal limits f o r  active subjects.  The Russians re- 
ported that  t h e i r  cosmonauts Bgkovsky and Tereshkova r eg i s t e red  f luc tua t ions  
i n  pulse frequency from 46 t o  80 and 58 t o  84, r e spec t ive ly ,  and f luc tua t ions  
i n  respirat ion from 12 t o  22 and 16 t o  22 r e sp i r a t ions  per minute, respect ively 
(Reference 32). 
hea r t  r a t e  i n  t e s t s  a t  the Lovelace Clinic  from 68 t o  160 beats  a minute with 
a mean of 96. 
from 43 to  88 whereas i n  f l i g h t  and post  f l i g h t  measurements, i t  varied from 
56 t o  121  beats  per minute (Reference 2). 

These values a r e  indicat ive of mild excitement or  

Astronaut W. M. Shirra,  Jr., exhibited wide f luc tua t ions  i n  

!Droughout simulated f l i g h t s  and countdown h i s  hea r t  r a t e  ranged 

No s ign i f i can t  differences were found on an analysis of variance of hea r t  
However, examination of Table €9 reveals tha t ,  f o r  each p i l o t  except r a t e s .  

#8, the mean hear t  ra te  f o r  contour f l i g h t  was greater than f o r  l e v e l  f l i g h t .  
It should be noted t h a t  more w r k  was done i n  contour than i n  l e v e l  f l i g h t ;  
there  was 27 percent more con t ro l  s t i c k  movement i n  the contour f l i g h t s .  

The p i l o t s  breathed faster a t  the 10 f t / s e c  gust l e v e l  (RIG G = .138) 
There were 16.8 than they did a t  the 2 

inspirat ions per minute a t  the 10 ft/sec level ,  and l4.9 i n s p i r a t i o n s  per 
minute a t  the 2 f t / s e c  level .  
t he  20 and the 10 f t / s e c  l e v e l s  (there were 17.6 i n s p i r a t i o n s  a t  the 20 ft /sec 
l eve l ) .  

ft/sec gust  l e v e l  (M G = .045). 

There were no s ign i f i can t  differences between 

There were no other s ign i f i can t  main effects  f o r  r e sp i r a t ion  rate,  
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and no s i g n i f i c a n t  interact ions.  Apparently, the r a t e  of breathing increases 
r ap id ly  a t  first with G increases  up t o  about Rm .L!,., and then increases 
slower after that .  

Increased serum cho les t e ro l  levels indicative of r eac t ion  t o  s t r e s s  did not  
occur except f o r  the inc iden t  reported above (p i lo t  #l). It appears, however, 
t h a t  of t he  p'ilots tes ted,  only one (p i lo t  #2) had cholesterol  l e v e l s  consis- 
t e n t l y  within the normal range (see Table B1l, page 59). This may be inter-  
preted t c  man t h a t  the pilets were i n  2 stressed c o n d i t i o n  ( the i r  ordlnary 
f l i g h t  a c t i v i t i e s  before coming t o  NAA) 
The cho le s t e ro l  l e v e l  of P i l o t  #8 was su f f i c i en t ly  above normal t h a t  he was 
advised t o  seek f u r t h e r  examination and medical advice. 

I 

before they began the simulated f l i g h t s .  

Biochemical Measures 

I 

I 

Several serum enzyme a c t i v i t i e s  were measured before and a f t e r  the f l i g h t s  I 
, (Table B12, page 60). No s ign i f i can t  changes were observed i n  the GOT, GPT, 

although indicat ive of a po ten t i a l  relationship,  was not  considered important. 
LDH, MDH, o r  ALD a c t i v i t i e s .  

Alkaline phosphatase a c t i v i t y  used i n  c l i n i c a l  pract ice  t o  de t ec t  l i v e r  damage 
or bone disease was elevated i n  several  instances. 

A s l i g h t  increase i n  the  GOT a c t i v i t y  of P i l o t  #l, 
I 

I 
I 

In one instance ( p i l o t  #1) a simulated f l i g h t  schedule was discontinued 
because of an apparently abnormal electrocardiogram. 
obtained a t  i n t e rva l s  of several  hours f o r  assay of cholesterol  and the enzymes 
r e f l e c t i n g  muscle s t r e s s  (GOT, GPT, and LDH). Very minor increases were noted 
i n  the t o t a l  cholesterol  level and i n  the  GOT a c t i v i t y  (270 t o  291 mg./lOO ni l .  
and 23 t o  33 units,  respectively).  
of t h e  t racings together with the data of subsequent simulated f l i g h t s  indicated 
t h a t  the medical monitor may have been more cautious than necessary. 

Table BlO, page 58 , presents the results of the analyses of the urine 

Blood specimens were 

Further c l i n i c a l  evaluation and examination 

obtained from p i l o t s  before and a f t e r  t h e i r  simulated UHS f l i g h t s .  In order 
t o  properly assess the  completeness of t he  24-hom urine col lect ions,  creat inine 
was assayed i n  each specimen. By calculating the catecholamine and 17 XS ex- 
c re t ion  per gram of creat inine,  e r r o r s  resul t ing from incomplete col lect ions '  
were reduced. No apparent increase i n  catecholamine excretions as a r e s u l t  of 
simulated IAB f l i g h t  occurred. 

I 

A tendency toward increased ALK PH a c t i v i t y  was noted i n  two p i l o t s ,  al- 
!&is enzyme system though the co r re l a t ion  was not  s t a t i s t i c a l l y  s ignif icant .  

warrants f u r t h e r  invest igat ion as an index o f  stress. 

PHI and LAP act ivi t ies  varied considerably. Consistent depression of PHI 
In one instance (PHI, P i l o t  #3), a ten-fold o r  LAP a c t i v i t y  was not observed. 

increase was noted. 
t h e  r o l e  of these two enzymes relevant  t o  LAHS f l i g h t  conditions. 

Further experimentation is  required t o  properly understand 
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In  any attempt t o  assess  the degree of s t r e s s  produced by simulated LAHS 
f l i g h t  by measurement of serum enzyme a c t i v i t i e s ,  s eve ra l  f a c t o r s  should be 
considered. 
on collection. 
periods of  time have the same e f f e c t  on the  enzyme a c t i v i t y  present whether the 
enzyme was present i n i t i a l l y  i n  g rea t  amounts or  only i n  minor amounts? Is the 
s t r e s s  condition great enough (sufficient degree, duration, or type) t o  pro- 
duce a change i n  the enzyme ac t iv i ty?  
the s t r e s s  t o  obtain t h e  blood specimen f o r  detect ion of the change i n  the 
enzyme ac t iv i ty?  
of LAHS f l i g h t  may not be s u f f i c i e n t  t o  a l t e r  the a c t i v i t y  of several  enzymes: 
GOT, GPT, LDH, MDG, and ALD; but t h a t  ALK PH, LAP and PHI may be affected.  

O f  i n i t i a l  importance is the problem of the  treatment of the serum 
Does freezing the serum and s t o r i n g  it frozen f o r  varying 

What is the co r rec t  time i n t e r v a l  after 

The results obtained i n  t h i s  study ind ica t e  t h a t  the s t r e s s  

Fa ti gue 

Study of possible f a t igue  e f f e c t s  was made by comparing e r ro r  scores a t  
Results f o r  each of t he  performance 11-15 and 85-90 minutes with 

measures a r e  given below. 
- tests. 

Ea. P r o r  increases  appeared i n  only four  of t he  twelve conditions and 
e r r o r  decreases i n  none. Three o f  these four  conditions were a t  the lowest 
gust  levels  (see Table Bl3, page 61). These differences probably r e f l e c t  
boredom and consequent i na t t en t ion  r a t h e r  than f a t i g u e  s ince  much greater  
physical e f f o r t  i n  bracing and keeping i n  posi t ion i n  the s e a t  is needed a t  
t h e  higher gust  levels .  
comments; they a l l  found the 2 f t / s e c  runs tedious. 

The boredom hypothesis is strengthened by p i l o t %  

€b Error increases occurred i n  only 3 of the I2 conditions, and e r r o r  
decreases i n  none (see Table Bl.4, page 61). Ihe three conditions t h a t  show 
increases are i n  each of the three accelerat ion levels .  He probably does no t  
show the.same pat tern of increases t h a t  Pe shows because i t  is generally l e s s  
responsive t o  the  experimental conditions than Pe. 
cause of the increases a t  the two lower gust  levels .  However, the increase a t  
t he  highest gust  l e v e l  may r e f l e c t  f a t i g u e  s ince it was one of the most s t ren-  
uous of the experimental conditions. Nevertheless, it is assumed t h a t  f a t i g u e  
did not play an important r o l e  i n  the determination of He. 

Boredom is probably the  

IIC, There were no beginning-end changes i n  t h i s  parameter. 

EUUL Signif icant  increases occurred i n  s t i c k  displacement i n  5 of the  
6 contour f l i g h t s ,  but  i n  none of the level f l i g h t s  (Table B15, page 62). 
The average increase is 27 percent. 
the much greater  Pe i n  the  contour a s  opposed t o  the  l e v e l  f l i g h t s ,  and i n  view 
of t h e  f a c t  t h a t  there  is s i g n i f i c a n t l y  more displacement (27 percent) over 
contour than over l e v e l  t e r r a in .  
increase and greater  displacement over contour t e r r a i n  average 27 percent. ) 

This p a t t e r n  seems noteworthy i n  view of 

( I t  is  q u i t e  coincidental  t h a t  both average 

Although the f e w  beginningend increases  i n  p i t c h  and a l t i t u d e  e r ro r  a r e  
not  ascribed t o  fa t igue,  the pa t t e rn  of  increase i n  amounts of displacements 
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i n  contour f l i g h t s ,  when compared with l e v e l f l i g h t s ,  cannot be dismissed as 
due t o  boredom or unknown factors.  
moving the control  s t i c k  was 27 percent greater i n  the contour than i n  the 
l e v e l  f l i g h t s ,  the increases i n  displacement were a r e f l e c t i o n  of fatigue.  
The same f i n e  control  s t i c k  adjustments that m u s t  be made a t  the beginning of 
a f l i g h t  m u s t  a l s o  be made a t  t h e  end. If muscular f a t igue  occurs, the move- 
ments i n  making the adjustments w i l l  n o t  be as e f f i c i e n t  a f t e r  as they were 
before its occurrence because of i r radiat ion,  a process which r e s u l t s  i n  
l a r g e r  groups of muscles being brought i n t o  play t o  accomplish the same goal. 
Results of t h i s  i r r a d i a t i o n  process may not  be r e f l ec t ed  i n  a c r i t e r i o n  
measure (e.g. p i t ch  and a l t i t u d e  errors) ,  but may be r e f l ec t ed  i n  the move- 
ments themselves as an increase of movement caused by the  ac t ion  of large muscle 
groups i n  a s i t u a t i o n  where the  ac t ion  of smaller muscle groups i s  adequate. 
For these reasons, the best  explanation of the increases i n  s t i c k  movement i n  
contour f l i g h t s  is t h a t  they occurred because of muscular f a t igue .  

Since the physical e f f o r t  involved 

In t h i s  connection, it is important t o  note that p i l o t s  r a re ly ,  if ever, 
The muscular reported feeling t i r e d  a f t e r  the contour or any other missions. 

process described above would no t  necessarily be f e l t  as a general  t i redness  
because it can represent  a local ized fat igue t h a t  is not necessar i ly  notice- 
able,  or, if it is noticed, may be quickly dismissed as  unimportant. 

S;t F,  jag,&&^ No increases and no decreases over time were noted i n  
any of these parameters. 

The p i l o t s '  motivation could have increased near t he  end of the run be- 
cause of t h e i r  knowledge t h a t  termination was imminent. 
could have counteracted e x i s t i n g  f a t igue  effects.  To inves t iga t e  t h i s  pos- 
s i b i l i t y ,  e r r o r  scores a t  t he  beginnings of runs were compared t o  scores a t  
t h e  middles. There were no s i g n i f i c a n t  differences; therefore,  t i e  "motivation" 
hypothesis Wa8 abamhnea. ih addi t ion t o  iiiesu tests,  a coffiparison of e r ro r  
scores  on e i t h e r  s i d e  of the 3-4 minute tape rewinding break was a l so  mde  t o  
determine whether or not  any r e s t  gained during the break could have l ed  t o  
rec0ver.y f r o m  fatigue.  There were no s ign i f i can t  differences between these 
two sets of scores. 
from fatigue. 

Increased motivation 

The break was then discounted as a producer of recovery 

Fatigue was unimportant i n  e r ro r  determination, but 
t he re  was evidence of i ts  appearance i n  a decrease of e f f i c i ency  of con t ro l  
s t i c k  displacement. 
i n  t a sk  d i f f i c u l t y ,  could lead t o  degradation o f  c r i t e r i o n  measures. 

Extension of the length of the missions, or an increase 

Effects  of Turns on Criterion bkasures 

It was hypothesized t h a t  the turns would increase Pe and He scores. Scores 
during minutes with turns  were compared with scores made during minutes without 
turns. The hypothesis was not  ve r i f i ed ,  and, i n  addition, t he re  was no indica- 
t i o n  on t h e  records of a sudden Pe or He increase t h a t  could be associated 
with turns. Turns were thus discounted as a source of error .  



Intercorrelat ions of Various Measures 

*-. The means of Pe, He, 
and Hc were correlated with a Spearman'rank order co r re l a t ion  coe f f i c i en t  (rho). 
To obtain the ranks, the lowest mean score f o r  a par t i cu la r  va r i ab le  was 
assigned r a n k  1, the next higher rank 2, etc., t o  the highest  score which was 
assigned rank 12. No s ign i f i can t  co r re l a t ions  were found (Pe-He, rho = .28; 
Pe-Hc, rho = .29; He-Hc, rho = .04). 
because both airspeed and t e r r a i n  markedly affected pi tching but no t  a l t i t u d e  
holding. Similarly, i n  the case of the Hc correlations,  Hc was not  affected 
by any of the var iables  and, therefore, no s i g n i f i c a n t  Pe and He cor re l a t ions  
were expected. 

This is expected i n  the  Pe-He co r re l a t ion  

8. Mean values of 
the following var iables  associated with task performance were determined f o r  
t he  twelve experimental conditions: RM3 inches of longi tudinal  con t ro l  s t i c k  
displacements (M S t ) ,  the number of  times per minute that the s t i c k  w a s  moved 
from fore t o  a f t  and v i ce  versa (StF), average seconds of pilotNs l a g  (r ) 
per minute, and average p i l o t ' s  gain (K) per minute, 
i n  Table B16, page 62 .  Spearman rhos were determined by cor re l a t ing  the means 
of t he  twelve conditions. 
of a variable was given rank 1, etc., t o  the highest  mean score which was given 
rank 12. The correlat ions are l i s t e d  i n  Table B17, page 63. 

S i  n i f i can t  posi t ive correlat ions were found between RlG S t  and Pe (.55, 
p = .05 7 and He (,70, p = .05), showing that increasing amounts of both kinds 
of error are associated with increasing amounts of s t i c k  movement. 
pected since more e t i c k  correct ive movements are needed t o  compensate f o r  in- 
creasing amounts of error.  
of RMS S t  and St F ( - 6 6 ) .  
placement have a frequency as well as amplitude component. 

These means are l i s t e d  

As with the c r i t e r i o n  measures, the lowest mean score 

This i s  ex- 

There is a l s o  a s i g n i f i c a n t  pos i t i ve  co r re l a t ion  
This shows t h a t  t he  increased amounts of s t i c k  d i s -  

Pitch e r ro r  shows no correlat ion with G. This is probably due t o  the f a c t  
t h a t  t e r r a in  influenced Pe much more than the  other two experimental var iables;  
t h a t  is, G va r i e s  r egu la r ly  with varying gust  and airspeed independent of ter- 
r a i n ,  while Pe v a r i e s  largely with contour t e r r a i n ,  

There is  a s i g n i f i c a n t  posi t ive co r re l a t ion  of He and G (.%, p = .01). 
This is expected because the analysis  of variance shows a very consis tent  in- 
crease o f  He with G increase. 

The cor re l a t ion  between F M  S t  and G i s  very high (f.90, p = -01). Again, 
t h i s  i s  expected because inadvertent s t i c k  inpu t s  a r e  caused by G changes; when 
G increases, inadvertent s t i c k  inputs  should increase. S t  F is a l s o  pos i t i ve ly  
correlated with G (.64, p = .05), which shows that the frequency of f o r e  and 
a f t  movements increases as G increases. 

Heading measurements were not s i g n i f i c a n t l y  correlated with any of t he  

Neither l a g  nor gain are s i g n i f i c a n t l y  co r re l a t ed  with any of 
other variables. 
of variance. 

!Ibis parallels the f i n d i n g  of no differences with t h e  ana lys i s  
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the  other var iables ,  o r  between themselves, thus being, a t  l e a s t  with the cor- 
r e l a t i o n  technique used, insensi t ive t o  the experimental conditions. 

e s  
1 
and r e sp i r a to ry  rates with the performance measures. Heart r a t e  is sig- 
n i f i c a n t l y  correlated with both F'e (+.60) and He (+.53), and with G (u.56). 
While it is f a i r l y  straightforward t o  view G as causing error, it  is n o t  
straightforward t o  view heart  rate as causing error.  
case, the p o s s i b i l i t y  of a causal re la t ionship m u s t  not  be overlooked. 
creased hea r t  ra te  is a r e f l e c t i o n  o f  increased a c t i v i t y  i n  the autonomic 
nervous system, and t h i s  a c t i v i t y  can modi0 many bodily responses including 
responses of the s k e l e t a l  musculature. 
f o r  exampie, i i l i e rac t  with the  iria4verien-t Gin6uced control s t i c k  movements 
i n  such a w a y  as t o  increase error, or the  increased tension could a f f e c t  
voluntary movements of the operator i n  such a way as t o  increase e r ro r  also. 

Spearman rhos were used t o  c o r r e l a t e  mean hea r t  

However, i n  the latter 
In- 

Increased tension of arm muscles could, 

Respiration r a t e  was s ign i f i can t ly  correlated with G (u.73) and with He 
Increased r e sp i r a to ry  r a t e  is  also an ind ica t ion  of increased auto- (u.69). 

nomic a c t i v i t y ,  and the same reasoning applies with i t  t h a t  appl ies  above. 

E F F E C T S  OF CAUNGES IN VEHICLE DYNAMICS 

A series cf f l i g h t s  was made under simulated pi tch augmentation conditions. 
The augmentation was achieved by increasing the I$ and M<K coe f f i c i en t s  of 
the equations of motion. l b o  cases of pi tch augmentation were investigated: 
first,  a case where % and M . c  were increased by f a c t o r s  of 3.5 and 2.0, re- 
spectively,  a i d  second, a case where i' and id<., were increased by f a c t o r s  o f  
23z1 1-74, respectively.  n e  l o c a t z d i n a l  c h a r a c t e r i s t i c s  f o r  t h e  sw- 
mented case a r e  compared with the  basic  airplane i n  Figure A7, page 44, and 
a r e  tabulated a s  follows: 

Pi tch Aug.  3.5 % Pi t ch  Aug.  2.21 
2.0 Mbc 1-71, & 

Parameter M =  .9 M =  1.2 M =  .9 M = 1.2 

:n, -cyc/sec 1.005 1.52 .927 1.40 
517 .472 .387 035 -? 

During the  first case of augmentation simulation, a p i t ch  augmenter f a i l -  

and MK , so t h a t  the coe f f i c i en t s  returned t o  t h e i r  
ure was simulated by the  experimenter's instantaneous switching out of the 
f ac to r s  t h a t  increased 
basic  values. The exper 5 mental a n d i t i o n  for t h i s  simulation was 1 O C l 2 .  The 
f l i g h t  l a s t e d  f o r  90 minutes, and coneisted of  periods of f l i g h t  with the 
f a c t o r s  increased (augmenter on), then switched out suddenly and allowed t o  
remain t h a t  way for a period of time (augrnenter of f ,  the basic  oondition),  
etc.  Four of these augmenter 1jfailures" were programmed during the f l i g h t .  
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Pe, He, G, and R I S  S t  were scored f o r  each minute of the e n t i r e  f l i g h t .  
The measures were then segregated i n t o  two groups, one group representing 
the  tlaugmenter onn configuration and t h e  other representing the "augmenter 
o f f  11 configuration. 

No s ign i f i can t  differences are found between He i n  the  two  configura- 
t ions,  and there a re  no s ign i f i can t  differences a t t r i b u t a b l e  t o  G. 
lower with the augmenter on than with the  augmenter of f ;  the differences are 
s ign i f i can t  beyond the .025 l e v e l  of confidence. 
e r r o r  per minute i n  the augmented case as compared t o  .800 RPS p i t c h  error 
per minute i n  the non-augmented case. 

Pe is 

There is  .69O R I S  p i t ch  

There is more s t i c k  movement with the augmenter on than with it off;  
these differences a r e  s ign i f i can t  beyond the .005 l e v e l  of confidence. 
s t i c k  was moved, both f o r e  and a f t ,  .254 inches per minute with the augmenter 
on, and .153 inches per minute with the augmenter off. 

Tne 

There was nothing on the f l i g h t  record t o  indicate  increasing e r r o r  a t  
t he  failure points, i.e. points where the  I$ and M c  f a c t o r s  were changed. 

with f.ls and MK increased t o  the values previously described. 
ures were not simulated. 
was indistinguishable from t h e  first. 

The second case of augmentation simulation consisted of 15-minute f l i g h t s  
Augmenter fa i l -  

According t o  the p i l o t ,  t h i s  augmented configuration 

In summary, t he  basic  a i rplane was only marginally unsatisfactory,  so 
that even 
cha rac t e r i s t i c s ,  as would be expected, the ac tua l  fa i lure  of t he  augmenter 
caused no ser ious control  problem. 
the  damped t o  the undamped mode were f e l t  mainly i n  a s l i g h t  dxinge i n  charac- 
t e r i s t i c s  of the display, and a l s o  t o  a small degree i n  s e a t  movements. Pi lot-  
induced osc i l l a t ions  were never present. 

though the p i t ch  augmented t e s t s  showed improved longi tudinal  

The p i l o t  noticed t h a t  the changes from 

PILOT DYNAMIC RESPONSE 

A special s e r i e s  of f i v e  minuts f l i g h t s  was made by fou r  of t he  p i l o t s  i n  
order t o  invest igate  va r i a t ions  of the operator's t r a n s f e r  funct ion (TF) i n  
response t o  d i f f e ren t  tasks. Analysis of t h e  TF da ta  is a preliminary attempt 
t o  extract  p i l o t  !jli' information i n  a somewhat more complex t a sk  s i t u a t i o n  than 
has been considered i n  previous studies.  
sults i s  addi t ional ly  r e s t r i c t e d  by the simplified t r ans fe r  funct ion t h a t  was 
used, viz., 

Generalization of t h e  obtained re- 

TF = K -2.5 -e 
1 +TS 

A more val id  TF form would have included an add i t iona l  lag term plus a 
l ead  term. 
rescaling, which was beyond the program's scope (the TF nresidual" was not 

Implementation of the more complex form would have required G-seat 
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measured f o r  the same reason). 
t i v e  and the analysis  suggestive r a the r  than def ini t ive.  

The r e s u l t s  m u s t  therefore be considered tenta- 

TF comparisons were made with three different  tasks  a t  the 10C1.2 experi- 
mental condition. The tasks  were: 

(1) 

(2) 

Pitch only (P) - no cockpit motion, p i t c h  tracking; 

Pi tch and motion (PM) - cockpit motion with simulatsd gusts, 
p i t c h  tracking; and 

Pitch, motion, and heading (PMH) - cockpit motion with gusts, 
p i t c h  tracking, heading tracking (with occasional heading change 
instruct ions) .  

Of pa r t i cu la r  i n t e r e s t  were the e f f ec t s  of the three t a sks  on the  gain ( R )  

(3) 

and l a g  (7') coe f f i c i en t s  of the TF. Figures C 1  - C3, pages 
the values of T ,  K, and 5 (integrated t o t a l  e r ro r ) ,  respect ively,  f o r  each 
p i l o t  as well  as the  group mean f o r  each of the three tasks. 
Appendix C, f o r  detai ls  of t h e  TF synthesis and scoring procedures. 

The average value of ?' f o r  the p i t ch  o n l y  (P) condition was 4.1259 sec. 
(equivalent t o  a nominal value o f  zero), whereas f o r  t h e  p i t c h  and motion (PM) 
condition, it was 0.3805 sec. (see Figure C l ) .  Thus f o r  t he  PM condition, t he  
operator introduced a l a g  component i n  h i s  TF which was not e f f ec t ive ly  present 
during the P condition. 

69-71, present 

See page 68, 

It is hypothesized t h a t  the increase i n  t h e  gain K f o r  t he  PM condition, 
as shown 
mally adverse e f f e c t  on e r ro r  of an in t eg ra l  lag. 
e f f e c t  cf Lncreasing the  
ence %). This is i l l u s t r a t e d  i n  Figure C&, page 
same ( integrat ing)  f i l t e r  t o  a ramp function is shown f o r  high and low gain 
systems. 
f i g u r e  shows t h a t  increased gain tends t o  reduce the adverse e f f e c t  of l a g  on 
system e r r o r  by increasing the r a t e  of error correction. 

i n  Figure CZ, r e f l e c t s  the operator's attempt t o  counteract the nor- 
The increase i n  gain had the 

slnpe of the nutput of an in t eg ra l  l a g  f i i t e r  (Refer- 
72, where the output o f  t he  

low gain error correct ion curves i n  t h i s  
~ 

Comparison of t h e  high and 

The t o t a l  integrated e r ro r  (Figure C3) averaged over sub jec t s  f o r  t he  P 
condition is  0.069 square inches, whereas f o r  the  PM condition 
square inches. The PM t a s k  has, of course, more i n t r i n s i c  e r r o r  due t o  
the  random gust  disturbances. 

equals 0.097 

I 
The increase i n  e r ro r  may also,  i n  part ,  be I 

I 
I credi ted t o  the l a g  introduced by the operator s ince  he does not respond t o  

each and every gust-induced o s c i l l a t i o n  and thereby allows error t o  accumulate 
1 more rapidly.  
t 

Comparison of performance fir the PM and PMH conditions (Figures C1 
shows t h a t  introduction of t he  secondary heading tracking task is accompanied 
by a decrease i n  lag, gain, and t o t a l  system error.  The secondary task con- 
s t i t u t e s  a form of task-induced stress i n  that  the requirement t o  simultaneously 
monitor and con t ro l  p i t ch  and heading tracks increases the  operator's infor- 
mation processing load. 

- C3) 

Task-induced s t r e s s  has been shown t o  cause regression 
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i n  operator performance, e.g. i n  a tracking s i tua t ion ,  performance a f t e r  the 
introduction of task-induced stress was found by Fuchs (Reference 18) t o  
r e v e r t  t o  t he  l e v e l  of,performing as a simple amplifier. It is hypothesized 
t h a t  the decrease i n  1 is a t t r i b u t e d  t o  a lower capacity t o  perform analog 
integrat ion o f  the p i t ch  s igna l  due t o  time sharing between p i t ch  and heading 
dimensions. 
decrease i n  6 since the operator now tends t o  make more frequent  correct ive 
movements. It has been generally observed t h a t  when an operator is subjected 
t o  task-induced s t r e s s ,  he tends t o  reduce gain i n  order t o  avoid excessive 
error that  might otherwise occm (Reference ut), and this is hypothesized 
t o  be the case i n  t h i s  instance. 

It is fu r the r  hypothesized t h a t  the decrease i n  ' 1  results i n  a 

SIDE-STICK CONTROLLER EVALUATION 

Introduction 

The type of control ler  used i n  LAHS f l i g h t  could be a c r i t i c a l  f a c t o r  i n  
The purpose of t h i s  evalua- t he  determination of mission success o r  f a i l u r e .  

t i o n  was t o  provide data  f o r  a comparison o f  the e f f e c t s  o f  two d i f f e r e n t  types 
of control s t i c k  i n  simulated LAB f l i g h t :  center-stick versus s ide-s t ick 
controller.  Accordingly, performance and physiological responses of p i l o t s  
were studied i n  the same manner t h a t  they were i n  the main experiment with the 
use of a side-stick (SSC) instead of a center-stick (CSC) control ler .  

This sect ion of t he  r epor t  includes a study of the performance and physio- 
l o g i c a l  responses made with the SSC, and a comparison of these data with s i m i l a r  
da t a  obtained with the CSC. 

b thod 

Subiects. Two p i l o t s  who had been subjects  i n  the main experiment were 
t e s t e d  with the SSC immediately a f t e r  the CSC runs were f inished.  
p i l o t s  had previously had average error scores,  and the  other had had smaller 
than average e r ro r  scores. 

One of these 

a. The only change made 
t o  the  G-seat f o r  the SSC evaluation was the i n s t a l l a t i o n  of a NASA pencil-type 
s ide-s t ick controller.  
r e s t r a i n t  system t h a t  was used are given on page 7 3  of Appendix D. 
of cal ibrat ions of longi tudinal  and la te ra l  fo rce  versus displacement character- 
i s t i c s  are presented as Figures D1 and cc?, pages 76 and 77. 

Technical descriptions of t h i s  con t ro l l e r  and an a r m  
Diagrams 

Figures D3 and D4, pages 78 and 79 i l l u s t r a t e  the SSC. The knob of t he  

Note the p i lo t ' s  gloves; these were worn f o r  e l e c t r i c a l  
s t i c k  was made of c l e a r  p l a s t i c ,  but was taped f o r  these i l l u s t r a t i o n s  t o  pro- 
vide a bet ter  view. 
insulation. 
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Missions with t h e  SSC were flown i n  four  d i f f e r e n t  
conditions, 10IJ.2, 1OQ2, 20152, and 20C12. Terrain and gust were varied 
because they had the g r e a t e s t  e f f e c t s  on performance with the CSC. 
t he  two p i l o t s  flew a one and one-half hour mission under each of the fou r  
conditions, making a t o t a l  of eight experimental f l i g h t s  with the SSC. 

Each of 

Each p i l o t  was given a se r i e s  of t r a in ing  f l i g h t s  under each 
of t he  fou r  experimental conditions before the experiment proper began. The 
t r a i n i n g  f l i g h t s  included short  periods without turns  followed by shor t  periods 
with turns. Both p i l o t s  quickly adapted t o  the  side-arm control ler ,  and, a t  
t he  end of t h e  t r a in ing  sessions,  expressed confidence i n  t h e i r  a b i l i t y  t o  
operate with t h i s  control ler .  

The conditions were presented randomly t o  one p i lo t .  B e  second p i l o t  
f l e w  h i s  missions i n  an inverted order, i.e. the  first f l i g h t  condition f o r  
the first p i l o t  w a s  t h e  last  f o r  the second p i l o t ,  etc. 
control  learning. 
as s i z e  and f e e l ,  a l l  conditions and procedures were i d e n t i c a l  t o  those t h a t  
exis ted with the CSC. 

This was done t o  
Jkcept f o r  f a c t o r s  associated with the SSC i t s e l f ,  such 

The same kinds of performance and physiological responses t h a t  were meas- 
ured '  i n  the GSC f l i g h t s  were measured w i t h  t he  SSC f l i g h t s .  
sampling procedure used with the CSC scores was used with the SSC scores so 
t h a t  accurate comparieons between the two s e t s  of scores could be made. 

The same score 

Results and Discussion 

Average perf orn- 
a x e  and p h y s i d o g i c a l  s c s re s  f e r  each of the four c o f i d i t i o , ? ~  s t ~ d i e d  =e l i s t e d  
i n  Table D1, pages 73-75.Averages of comparable CSC scores  made 3y the same two  
p i l o t s  are a l s o  included i n  t h i s  table .  

Measures obtained from the SSC runs were studied f o r  G e f f e c t s  by comparing 
means a t  t h e  d i f f e r e n t  gust  levels.  
n i f i c a n t  differences i n  e i t h e r  performance o r  physiological responses were found 
between the gust levels .  
d i f f e r e n t i a l  e f f e c t s  among the four SSC conditions. 

Mann-Whitney U-tests were used. No sig- 

It is therefore concluded t h a t  G did no t  produce 

Terrain e f f e c t s  were studied by comparing C and L measures with *tests. 
S ign i f i can t  t e r r a i n  e f f e c t s  a r e  found on Pe (p  = . O O l ) ,  He (p = .001), Hc 
( p  = .MU), RK3 S t  (p = .001) and S t  F (p = .029). Values of a l l  these measures 
a r e  greater over contour than over l e v e l  terrain;  Pe is 74 percent greater ;  
He, 41 percent greater;  Hc, 97 percent greater;  R E  St, 50 percent greater ;  
and S t  F, 43 percent greater. 
rate,  or r e sp i r a to ry  rate .  

mined. 

There are no differences f o r  lag,  gain, hea r t  

Beginning-end scores were compared so t h a t  f a t i g u e  effects could be deter- 
The scores were combined i n t o  two groups, contour versus level ,  f o r  the 
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comparisons since there  were no differences due t o  
n i f i can t  increases f rom beginning t o  end a re  found i n  Pe, He, and RIB St. 
In the  case of Pe, errors increased 54 percent i n  the l e v e l  f l i g h t s  (p = .OS), 
but the  increases were not s ign i f i can t  i n  the contour f l i gh t s .  
s i t ua t ion  i s  reversed; errors increase 67 percent i n  contour f l i g h t s  (p = .Or), 
but do no t  increase s ign i f i can t ly  i n  the  level f l i gh t s .  
discrepancy is unclear. 
(p = .001) in contour and 47 percent (p = .Or) i n  level f l i g h t s .  mere are 
beginningend increases i n  most o f  the other variables,  but these increases 
are not  s ignif icant .  
the SSC. 
creases t h a t  occurred i n  the present 
nif icant ,  and more precise statements about the e f f ec t s  of f a t igue  could be 
made. 

G i n  the  SSC runs. Sig- 

For He, t he  

The reason f o r  t h i s  
I n  the case o f  R I S  S t ,  the increase is 24 percent 

It is concluded t h a t  fa t igue affected performance with 
With a la rger  sample of SSC f l i g h t s ,  many of the i n s i g n s i c a n t  in- 

study would undoubtedly become sig- 

!J!urn e f f e c t s  were evaluated by comparing minutes with turns i n  them t o  
minutes without turns. 
error; in  f l i g h t s  over contour te r ra in ,  there  is a 63 percent increase i n  He 
during turns, and i n  f l i g h t s  over l e v e l  te r ra in ,  there  is a 46 percent increase. 
Uthough these percentages seem great,  i t  should be noted t h a t  a l t i t u d e  holding 
in' a l l  SSC f l i g h t s  is  very precise; t h e  average RMS per minute He over contour 
t e r r a i n  is 18.25 ft., and is only 10.85 f t .  over l e v e l  te r ra in .  

The only s igni f icant  turn e f f e c t s  a r e  on RIG a l t i t u d e  

- S-. Although it would 
be in te res t ing  t o  study in te rac t ions  between SSC and CSC scores, it is not 
f eas ib l e  t o  do so with the small number of cases i n  the samples. "he most 
va l id  comparisons t h a t  can be made on a given variable a re  those between the 
two seta o f  scores, SSC and CSC. Therefore, differences between SSC anc CSC 
scores  on a given var iable  were studied by comparing the e ight  means t h a t  were 
available from the 2 f l i g h t s  i n  the 4 conditions with each type of control ler .  
Results of  the &-tests t h a t  were used t o  make these comparisons a re  given i n  
Table E, page 75. With the exception o f  heading d r i f t  correct ion (Hc) and 
frequency of fore and a f t  s t i c k  movements, a l l  SSC-CSC differences are sig- 
ni f icant ,  with the SSC scores reduced. 

Graphic comparisons o f  SSC and CSC scores a re  presented i n  Figure D5, 
page 80, for RIB pi tch  error; i n  F'igure D6, page 81, f o r  R E  a l t i t u d e  error; 
in Figure D7, page 82 ,  f o r  R I S  G; i n  Figure D8, page 83, f o r  hear t  r a t e ;  
and in Figure D9, page 84, f o r  resp i ra tory  r a t e .  

Pe and He are both reduced by about 50 percent, a r a the r  dramatic i l lustra- 
t i o n  of the increased eff ic iency of  the  SSC. RMS G is reduced by about 20 per- 
cent, probably due t o  the quicker and more p-ecise  cont ro l  over the moving seat.  
An indication o f  these superior control  a t t r i b u t e s  is seen i n  the f a c t  t ha t  
l a g  is reduced by ,!J percent. 

Both hear t  and resp i ra tory  r a t e s  a r e  reduced i n  the SSC s i tua t ion ,  hear t  
r a t e  by 4.5 percent and resp i ra tory  r a t e  by 7.5 percent. 
probably stem from the reduced SSC accelerat ions since both var iables  increase 
with G i n  the CSC s i tua t ion .  

These reductions 
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The fact  tha t  there  is no reduction i n  S t  F in t he  SSC runs is i n t e r e s t i n g  
because t h i s  va r i ab le  is closely r e l a t ed  t o  G i n  the CSC runs; increases i n  G 
a r e  associated with increases i n  frequency of f o r e  and a f t  movements i n  the 
CSC r w .  lhis fac t ,  i n  conjunction with the finding that there  are no d i f -  
f e r e n t i a l  G e f f e c t s  i n  the SSC runs, indicates t h a t  the a r m  r e s t r a i n t  system 
used i n  t h e  SSC runs w a s  effect ive.  Both fact  and finding a l s o  ind ica t e  t h a t  
arm r e s t r a i n t  would be of considerable value i n  a c t u a l  L A B  f l i g h t  with any 
kind of control ler .  

The reduced human t r ans fe r  function (TF) coe f f i c i en t s  of l a g  and gain a r e  
probably a t t r i b u t a b l e  t o  d i f f e r e n t  dynamic and mechanical c h a r a c t e r i s t i c s  of 
both the man and the con t ro l  s t i c k  f o r  the two s i t u a t i o n s  s ince  t h e  computed 
TF' coe f f i c i en t s  were f o r  the function of both man and con t ro l  st ick coiiibiried. 
However, t h e  greater  l a g  coe f f i c i en t s  f o r  the man-CSC TF may be a t t r i bu tab le ,  
i n  par t ,  t o  the r e l a t i v e l y  l a rge  force-displacement hys t e re s i s  of  the CSC. 
This hys t e re s i s  w a s  manifested by a center area 2 inches long where there  was 
no self-centering (see Figure A8, page 45). %is meant t h a t  the p i l o t  had 
t o  provide the centering commands t o  the s t i ck  over approximately the  l a s t  plus 
or minus one inch from the s t i c k  e l e c t r i c a l  center located within the  small 
electrical  deadband. This center area of no self-centering representsd a fo rce  
feedback deadspace, L e .  within t h i s  area the p i l o t  had no fo rce  feedback 
indicat ive of t he  distance and d i r ec t ion  t o  the stick's center position. Be 
range of control  movements used during the  mission was predominantly contained 
within t h i s  force feedback deadspace (one R E  s t i c k  displacement was approxi- 
mately equal t o  0.5 inch whereas the fo rce  feedback deadspace was one inch). 
Thus, within the range of control  movement predominantly used, t h e  control  s t i c k  
feedback t o  the p i l o t  was pos i t i ona l  a t  constant fo rce  level r a t h e r  than force- 
proportional, i.e. no force gradient nfeeln was present f o r  most of the con t ro l  
movements made. The contrary was t rue  f o r  the SSC f o r  which s t i c k  displacements 
were predominantly oiitside of the fmce  feedback deadapace (me R E  s t i c k  dis- 
placement was approximately equal t o  0.1 inches whereas f o r c e  feedback dead- 
space equalled 0.0575 inches aft and zero inches forward). 

'phe fac i l i t a t ive  e f f e c t s  o f  kinesthetic and proprioceptive inputs  re- 
s u l t i n g  from control  s t i c k  feedback are well established. 
nificance is the immediacy of control  s t i c k  feedback which provides the operator 
with more rapid knowledge of h i s  output r e su l t s  than is obtained from the v i s u a l  
feedback channel. 
force gradient feedback f o r  the SSC enabled the  operator t o  respond more quickly 
t o  e r r o r  s i g n a l  inputs, L e .  t o  respond with less l a g  f o r  the SSC than f o r  the 
CSC. 

I 

I 
I 

O f  par t i cu la r  sig- 

A suggested hypothesis is t h a t  t he  more extensive range of 
I 

As previously noted, the operator may t o  some degree compensate f o r  system 
l a g  effects by increasing h i s  gain. This may account f o r  the higher gain noted 
f o r  the CSC, i.e. t h e  operator adjusted his gain a t  a higher level f o r  the CSC 
due t o  the greater l a g  associated with t h i s  con t ro l  s t i ck .  Conversely, the 
g rea t e r  r a p i d i t y  and frequency with which SSC movements could be made and the  
g rea t e r  accuracy r e s u l t i n g  from more immediate feedback of SSC response in- 
formation r e su l t ed  i n  a lower e r ro r  formation ra te  than ex i s t ed  for the  CSC. 
It appears i n t u i t i v e l y  reasonable that the lower t h e  error formation r a t e  t he  
less gain nee3 he applied i n  order t o  "catch up with" the error.  

i 
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Gl3:NEFtAL CONCLDS IONS 

When the experimental runs with the  CSC are considered, a general conclusion 
is t h a t  p i lo t s  of an a i rcraf t  l i k e  or similar t o  the TFX should be able  t o  f l y  
successful LAHS missions a t  500 f e e t  a t  constant high speed. However, the degree 
of success w i l l  depend on t h e  nature of t h e  real-uorld conditions, such as air- 
speed, terrain,  atmospheric turbulence, and f l i g h t  duration. 

The pi lot ' s  a l t i t u d e  holding capab i l i t y  should not  be a f f ec t ed  by airspeed 
if he i s  f ly ing  i n  high subsonic or low supersonic regions, and a l t i t u d e  holding 
should be a s  e f f i c i e n t  over t e r r a i n  with low h i l l s  as over f l a t  terrain.  There 
w i l l ,  of course, be more a i r c r a f t  pitching over the h i l l y  t e r r a in .  

With a conventional center-stick control ler ,  a l t i t u d e  holding will d e f i n i t e l y  
be affected by the v e r t i c a l  G forces  i n  buffet ing conditions. 
a steady increase i n  R E  a l t i t u d e  e r ro r  from the lowest t o  t h e  highest  RMS G 
level .  The simulated turbulence range was very great,  extending from completely 
calm a i r  t o  a i r  so turbulent that i t  is r a r e l y  encountered i n  a c t u a l  f l i g h t .  
Nevertheless, the r a t e  of e r r o r  increase as a funct ion of G was constant through- 
out t h e  range. 

The study showed 

Pitch con t ro l  w i l l  a l s o  generally be affected by v e r t i c a l  G forces.  However, 
it should not be adversely affected i n  a i r  normally encountered, within a f a i r l y  
wide speed range, when the f l i g h t s  are made over l e v e l  t e r r a in .  
t e r r a i n  a t  a low supersonic speed, G w i l l  cause a decrease i n  eff ic iency of p i t c h  
con t ro l  from calm t o  very turbulent air. 
high subsonic speed over l o w  h i l l s  within the normal range of atmospheric turbu- 
lence, but p i t c h  control  a t  t h i s  speed w i l l  no t  be as good i n  general  as it w i l l  
be a t  low supersonic speed. Pitch augmentation may, of course, be used t o  reduce 
pi tching . 

Over low h i l l y  

G w i l l  not a f f e c t  p i t ch  control  a t  a 

From t he  p i l o t ' s  standpoint, ninety minute f l i g h t s  should be possible with- 

Although the re  are no 
out danger o f  adverse f a t i g u e  effects .  
f a t i g u e  occurs i n  f l i g h t s  t h i s  long over contour terrain.  
ref lect ions of t h i s  f a t i g u e  i n  the performance c r i t e r i o n  measures i n  the study, 
the point a t  which a i r c r a f t  control  is affected should be determined where more 
tasks and/or longer f l i g h t s  a r e  required. 

However, there  are indicat ions t h a t  

Pitch and a l t i t u d e  e r r o r s  i n  the study are  markedly reduced with the  SSC. 
In association with these reductions is a reduction i n  RbS G. The la t te r  reduc- 
t i o n  decreases physiological stress somewhat, and undoubtedly would decrease 
a i r c r a f t  stress as w e l l  as increase p i l o t  comfort. 
l eas t  part o f  the reduction stems from a decrease i n  inadvertent control  s t i c k  
inputs  due t o  arm r e s t r a i n t ;  therafore,  arm r e s t r a i n t  systems should be investi- 
gated f o r  both types of control ler .  The e f f i c i ency  of the SSC is generally much 
greater than the CSC, so it is recommended f o r  use i n  actual LAHS f l i gh t .  

There is evidence t h a t  a t  

The r e s u l t s  c l e a r l y  demonstrate t h a t  p i l o t s  can physiologically t o l e r a t e  
1 1/2 hour missions under t h e  G- and task-loadings t h a t  were imposed. Hear t  and 
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‘ r e sp i r a to ry  rates were within the  normal range, and the biochemical tests do not 
r e v e a l  organ damage. Nevertheless, s ignif icant  psychophysiological correlat ions 
were found. 
He (+.53), and with G (Y.56); while respiratory rate was s i g n i f i c a n t l y  correlated 
with G (e.73) and He (+.69). As previously discussed, t he  co r re l a t ions  nay re- 
f l e c t  i n t e r n a l  changes t h a t  a f f e c t  task performance through modification of 
physiological responsiveness. This r a i s e s  one of the most important questions 
i n  mission simulation; namely, how t o  duplicate f l i g h t  conditions within the 
p i l o t s  as we l l  as f o r  the a i r c r a f t .  The observed indicati’ons of mild but con- 
s i s t e n t  va r i a t ions  i n  i n t e r n a l  processes with f l i g h t  conditions, coupled w i t h  
the  fac t  t h a t  LAHS missions a r e  dangerous and anxiety-provoking, demonstrate 
a need f o r  study i n  which anxiety is induced and varied. Drugs, hormones, or  
nypnotic suggestion could possibly serve as  agents o f  induction. Tie indica- 
t i o n s  of boredom a t  the  lowest G l e v e l s  i n  the CSC runs emphasize t h i s  need 
because boredom w i l l  not be a f a c t o r  i n  LAIE missions. 

(Heart r a t e  was s ign i f i can t ly  correlated with both Pe (+.60) and 
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APPENDIX A 

EXPERIMENTAL PROCEDURE 

G-Seat Frequency Response. The G - s e a t  incorporates a compensator and 
l imi t e r  i n  cascade with a high pass f i l t e r  -+ . "G" 

frequency response has been cal ibrated and i s  presented i n  Figure A3, page 40 
It can be seen from Figure A 3  t h a t  t he  frequency response is approximately 
4 DB low i n  the  frequency range of 1 t o  10  cps and decays rapidly a t  e i t h e r  
higher  o r  lower frequencies. 
pass f i l t e r  which prevents t he  s e a t  from reaching the  stops f o r  low frequency 
inputs  where the  sea t  displacement would be large. 

The compensated 

The low frequency decay is due t o  the  high 

The high pass f i l t e r  i n  cascade with t h e  compensator and "G" l i m i t e r  
provides f o r  smoothseat re turn  t o  center  upon reaching the  s e a t  limits 
without introducing unsa t i s fac tory  dynamics; huwever, t h i s  arrangement some- 
what reduces t h e  maximum obtainable "GI' f o r  a s t e p  o r  low frequency input. 
For example, when the  p i l o t  commands a la rge  s t e p  input t h e  s e a t  responds 
rapidly and then washes out due t o  the  G-limiter and high pass f i l t e r .  
washout e f f e c t  i s  only apparent f o r  l a rge  commands. It would only apply t o  
approximately 10 percent of th? t o t a l  p i l o t  inputs  and would have no e f f e c t  
on t he  higher frequency gust input. 

This 

Longitudinal Character is t ics .  The longi tudinal  short period character- 
i s t i c s  indicated by t h e  der iva t ives  a r e  presented here: 

Parameter M I  .9 M = 1.2 

69 
.291 

1.05 
.262 

The longi tudinal  shor t  period cha rac t e r i s t i c s  i n  terms of p i l o t  acceptance 
boundaries are presented i n  Figure A7, page 44. 

It can be seen from Figure A7 that t h e  longi tudinal  cha rac t e r i s t i c s  of 

(However, a t  least one 
the  basic a i rp l ane  (unaugmented) a r e  only marginally s a t i s f a c t o r y  a t  Mach 
Number 1.2 and a r e  sa t i s f ac to ry  a t  Mach Number 0.9. 
p i l o t  considered t h e  control  cha rac t e r i s t i c s  sa t i s fac tory .  
Appendix E, P i l o t ' s  Comments). 
t he  curve I s  j u s t  above the  PI0 l i m i t  for 5 lbs/g s t i c k  force.  
lated force per g f o r  t h e  cont ro l  system mechanized was 1.9 lbs/g which would 
ind ica te  that PI0 tendencies could be expected a t  Mach Number 0.9. 
due t o  the high f r i c t i rm  forces  i n  the  s t i c k ,  t he  ac tua l  force  lequired f o r  
any def lect ion up t o  one inch ( 2 g ' s  ) was on the  o d e r  of 4 l b s .  
s t i l l  indicate  marglnal cont ro l  force pe r  g a t  Mach number 0.9 with a probabil- 
i t y  of PI0 tendencies; however, none were apparent during the  experiment. 

See page 87, 
Note t h a t  a t  h c h  Number 0.9 the  poin t  on 

The calcu- 

However, 

This would 

Lateral-Directional Character is t ics .  The l a t e ra l -d i r ec t iona l  character- 
i s t i c s  indicated by the  der iva t ives  are also presented here: 
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Parameter M =  .9 M = 1.2 

.68 
105 

1.22 

The la te ra l -d i rec t iona l  charac te r i s t ics  i n  terms of p i l o t  acceptance 
boundaries are presented i n  Figure A10,  page 47, and a r e  seen t o  be unsat is-  
factory a t  both Mach numbers. This  was apparent during the experiment. 

Corrtrol S t ick  Forces. The center  s t ick  was a standard type with a 
curved shaft and of f se t  g r ip  as can be seen i n  Figure A6, page 43.  
included an emergency shut-off switch and t r i m  button. It was funct ional  
i n  both longitudinal and lateral. modes. The longitudinal control farces  
can be described i n  general as having a 4 lbs. per inch spring rate with 4 
lbs. of s t a t i c  f r i c t i o n  and 3-1/2 lbs.  of dynamic f r i c t ion .  These condi- 
t i ons  were exactly t r u e  f o r  t h e  i n i t i a l  portions of the  experiment; however, 
approximte ly  midway i n  the  experiment the f r i c t i o n  forces had increased t o  
over 5 lbs. and it was necessary t o  rework t h e  servo sea ls  and reduce the  
f r i c t i o n  level .  
c a l i b r a t i m s  are presented in Figures A8 and Ag, page 45 and 46.  
tud ina l  force displacement ca l ibra t ion  shows two curves representing the  
initial ca l ibra t ion  at  the  beginning of the experiment and the ca l ibra t ion  
a f t e r  the  servos were reworked t o  reduce the  f r i c t i o n  forces.  The two curves 
a r e  p r a c t i c a l l y  ident ical .  

It 

The longitudinal and l a t e r a l  s t i c k  force versus displacement 
The longi- 

The longitudinal control  s t i c k  t o  a i r c r a f t  relationshipsof control  force 
and displacement per un i t  of normal acceleration are as follows: 

The above s t i c k  force per un i t  acceleration is  merely academic f o r  
small st ick displacements i n  that i n  order t o  make a one g cormnand input o r  
a 0.5 in. stick displacement, 4 lbs. of force would be required t o  overcome 
t h e  f r i c t i o n  forces.  The lateral control gain was such t o  give .02 radians 
o f  a i l e r o n  def lect ion f o r  one inch of st ick deflection. 

The majority of t h e  p i l o t  longitudinal control  inputs during t h i s  ex- 
1 

: 
periment were within the  f r i c t i o n  band so that the  forces  due t o  spring r a t e  
were mersked e n t i r e l y  by the f r i c t i o n  forces which were the  p r i m r y  forces  the  
p i l o t  had t o  contend with. 

I 

P h y s i o l o a c a l  Sensors. A l l  electrodes were 7/8" diameter wire mesh 
electrodes,  which were held i n  place on t h e  body by 1/32" th ick  patches of 
adhesive-backed cork. an inner 
patch which was a hollowed c i r c l e  of 11/16'' inner and 1 1/4" outer diameter. A 

Two patches were used f o r  each electrode: 
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so l id  patch 2 inches i n  diameter was placed over t h e  inner  patch. 
contact between skin and electrode was f a c i l i t a t e d  by t h e  use of e lectrode 
paste  . 

E l e c t r i c a l  

The ea r  transducer consisted of a micro-miniature l i g h t  bulb imbedded 
Variat ions i n  i n  p l a s t i c  opposite a miniature photocell s imi l a r ly  mounted. 

t i s s u e  opacity resu l ted  i n  var ia t ions  in t h e  e l e c t r i c a l  output of t h e  photocell. 
The uni t  was placed on t he  upper lobe of t he  pinna of t h e  lef't ear,  and held 
fast a t  that loca t ian  by a screw tipped with a 3/8" d isk  of p l a s t i c ,  thus  
lnaking the device f a s t en  t o  t h e  e a r  l i k e  an earring. 
s ide  of the f l i g h t  helmet so t h a t  t he  helmet could be worn with t h e  earpiece 
fastened in  place. 

A hole was cut  i n  t h e  

The impedance pneumograph was a Spacelab Model 130, powered with four  
1.5 v o l t  dry c e l l s .  
i n  an oxygen mask worn throughout t h e  f l i g h t s .  

The s t r a i n  gauge f o r  t h e  pneumotachometer was contained 

To prevent s t r a y  e l e c t r i c a l  cur ren ts  from i n t e r f e r r i n g  with signals 
from the  physiological sensors, p i l o t s  were insulated f r o m t h e  s e a t  and i t s  
par t s .  They were required t o  wear f l i g h t  s u i t s ,  boots, and gloves, while 
p a r t s  of the sea t  usua l ly  touched, e.g. control  s t i c k  and t h r o t t l e ,  were 
wrapped with insu la t ing  tape  

Gust Sens i t iv i ty .  The a i rp l ane ' s  gust s e n s i t i v i t y  for each configuration 
t e s t e d  was estimated by t h e  method out l ined  i n  Reference 28. 

Basic 
Pitch Aug 3.5 x 

2.0 x & 

Pitch Aug 2.21 x Mq 
1.74 x 

00159 

,0136 

.0164 

. 0168 

0 0101 0150 

The llprximum estimated RMS l a d  f a c t o r  due t o  gust would be: 

M = 1.2, Basic Configuration RNS Wg = 20 FPS 

RMS NL * 20 (.0164) = .328 g 

Recordings were made of t h e  a c t u a l  RIG gust input  t o  t h e  seat and the  
s e a t  W load f ac to r  for eachcondition of gust l e v e l  and mach number. 
recordings were made with the control  s t i c k  f ixed  and a 180 lb.  dead weight i n  
the s e a t  over a 25 minute time period f o r  each condition. The r e s u l t s  of these  
check runs ind ica te  that the  a c t u a l  gust RMS input  is  approximately 12 percent 
lower than calculated and is  due t o  the  i n i t i a l  ca l ib ra t ion  of gust tapes  
being somewhat low. 

The 
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The tabulated r e su l t s  of the  check runs are as follows: 

Condition RMS 'gActua1 
W . 0103 

,01642 . 00945 

. 01411 

.0167 

.01516 

It can be seen that  a very close correlation of estimated t o  ac tua l  gust 
s e n s i t i v i t y  of t he  a i r c r a f t  ex i s t s  fo r  the higher gust l eve l s  cases; however, 
t ne  iower gust i eve i  cases indicate  a lower s e n s i t i v i t y  % h i  estirriated, T h i s  
decay of s e n s i t i v i t y  a t  t h e  very low gust level  i s  due t o  decay i n  seat response 
t o  the  low amplitude displacements. The maximum measured r a t e  of normal load 
onset due t o  gust was 40 gfs / sec  from the  computer and 24 gfs /sec a t  the  seat .  

Gust Characterist ics.  Gusts were inserted in to  the  problem as a change in 
v e r t i c a l  velocity,  Wg. The gust time history f o r  t h i s  experiment was the  same 
as the  M-0.9 input used i n  Reference 1. It was recorded on magnetic tape and 
was i den t i ca l  f o r  each case. The change in RW l e v e l  of  the  gust was achieved 
by changing the  gain of the  taped input. The gust time h i s to ry  was obtained 
by f i l t e r i n g  the  output of a white noise generator with 
K i s  a sca l ing  f ac to r  between the noise generator and t h  gus input sca l ing  
and is  a constant inversely proportional t o  Mach number. Thus, f o r  a given 
Mach number the  f i l t e r  assumes a fixed function. The d i s t r ibu t ion  of t h e  
gust l eve l s  was randomized according t o  a random number t ab le  and sampled a t  
a r a t e  which varied inversely with %ch number, the  nominal r a t e  being 6 sec 
per sample a t  .9 Mach number. 

+v where 
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TABLE A 1  

The five degree of freedom equations of motion along w i t h  the Euler 
equations and scoring equations (RMS) are as  follows: 
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TABU A 2  

STABILITY DERIVATIVES USED 

Deriv. M = .9 a t  S.L. M = 1.2 a t  S.L. Units 

- -937 - 379 
-17.4 

-38.6 
-1.60 

- .227 

49.94 

+10 17 
+3 92 

-110.33 
-2.88 

-0415 

-1.25 - .357 

-2 . 22 
-41.1 

-50.3 

-199.6 
- 302 

-3.79 
+86.3 

+18 . 36 
+3.77 

- ,604 

TABLE A 3  

SUMMARY OF FLIGElT CONDITIONS 

1. O.gM, 2 f't/sec, L 7. 1.2M, 2 ft/sec, L 
2. 0.9~, 10 f t / sec ,  L 8. L2M, 10 f t / sec ,  L 
3. O.gM, 20 f t tsec,  L 9. 1.2M, 20 ft/sec, L 
4. O.gM, 2 f t  sec, C 10. 1.2M, 2 f t /sec,  C 
5 .  o.g!4, 10 f+/@Or- C 11. 1.2M, 10 ft/sec, r! 
5.  O.gM, 20 ft/sec, C 12. 1.2M, 20 f t / sec ,  C 

- " I  - - - p  

TABLE A 4  

RECORDED DATA 

1. 
2. 
3. 
4. 
5. 
6 .  
7. 
8. 
9. 
10 . 
11 . 
12 . 

Normal load f ac to r  a t  p i l o t ' s  s ea t  
RMS load f ac to r  at p i l o t ' s  seat 
F l igh t  path and t e r r a i n  prof i le  
RMS a l t i t u d e  e r r o r  
Projected p i tch  e r ro r  plus a l t i t u d e  e r r o r  (as presented t o  CRT) 
Heading angle 
REaS p i t ch  e r r o r  
Longitudinal s t i c k  displacement 
R E  longi tudinal  s t i c k  displacement 
Lateral s t i c k  displacement 
P i l o t ' s  Lag (7) 
P i l o t ' s  gain (K) 
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Figure Al 
G s e a t  a t  lowest point of t r ave l  
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Figure A 2  

G s e a t  a t  midpoint of t ravel  
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0 

Phase Angle - Deg 

-200 - 

-400 - 

0 

Gain - 
Decibels 

-10 

-20 

.2 .3 .4 .6 1.0 2.0 4.0 6.0 10.0 20.0 

Frequency - C. P. S. 

Figure A3 
G-Seat Frequency Response Cali bration 

There was a 180# dead weight in  the seat. 
There were 0.25 g peak to peak. 
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I 

Figure A6 
Control S t i c k  
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P 

A f t  

St ick Displacement - Inches 

Zleckr i c a l  

Fwd . 
Figure A8 

Longitudinal For ce-Dis placement Character is t i c s  
Center S t ick  control 
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Figure A9 
Lateral Force-Displacement Character is t ics  

Center S t i c k  Control 
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-7 
Dutch Roll Damping Ratio - 

1 0 .1 :2 0'3 
-= 3 

/ 

\ [ I Unsatisfactory 

\ 

Roll Control c u d  
Coupling Parameter (Wd ) 

NOTES : 
Boundaries established in 
M S A  TM I)-iU1 
Filled Symbol M = .9 
Open Symbol - M = 1.2 

Figure A10 
Lateral-Directional Characteristics 

Ceriter St ick  Control  
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m altitude e m  

Projected pitch error plus altitude 
error (as presented on CRT) 

ltBB load factor at pi lo t ' s  seat 

, 

actor at pi lo t ' s  seat 

Figure All 
Performance Record I 
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Figure .A13 
Record of physiological traces 



APPENDIX B 

EXPERIMENTAL RESULTS: TABUS AND FIGURES 

Table I3l 

Accelerations From Pilot *s Seat 

Condition 
2L9 
2C9 
2IJ2 
2cl2 
10L9 
lOc9 
1 0 m  
l o r n  
20L9 
20c9 
2 0 m  
20c12 

2 L9 
2c9 
2IJ.2 
2 c u  
lOL9 
1OC9 
10I3.2 
10CU 
20L9 
20c9 
20Ll2 
2 0 c u  

REA 

. 0288 

.Ob86 
0342 

. O M  . 1284 

.I212 

.15U 

.1518 
2304 
.2420 
-2736 
-2910 

45 
.60 
53 
60 . 90 
.9O 

1.20 
1.20 
1.50 

2.00 
2.00 

1.40 

Table €2 

Actual and Total F W  G 

.0168 . 0168 

.0181 

.0181 
,1269 
1269 

.1398 
,1398 
-2468 
.2f+68 
2945 

.29,45 

. 0288 
0486 
0342 
0666 

.) 1.284 

.I212 . 1512 . 1518 
2304 

.2420 . 2736 . 2910 

+. 0120 
+. 0318 
+. 0161 
+. 0485 
* 0015 -. 0057 +. 00% 
+. 0018 -. 0164 -. 0048 -. 0209 -. 0035 
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Table B3 

RIG Pitch Error Scores, Degrees 

2 L9 
2 C9 
2L12 
2cl2 
lOL9 
1oc9 
1 0 u  
1 O C l . 2  
20L9 
20 c9 
20m 
20 Q2 

. 487 
1.828 

438 
1.407 

.728 
1.839 

.610 
1.576 
1.130 
1.960 
.920 

1.733 

344 
573 . 172 
458 . L58 . 573 

.158 . 573 
573 
573 

.516 
573 

Table El4 

Summnty of Pitch Rror Variance 

df ss m F P Source 

Mach Number ( M )  1 
R E  G u s t  Leve l  (G) 2 
Terrain (T) 1 
Mx G 2 
Mx T 1 
G x T  2 
M x G x T  2 
w 61 

678.3 
956.4 

15,426.4 
99.0 

732 3 
235.5 
106.8 

1,185 . 2 

678.3 
478.2 

15,126.4 
49.5 

732 3 
117.8 
53.4 
19.4 

34.9 
24.6 

793.9 
2.6 

37.7 
6.1 
2.8 

To tal 72 19,42000 
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Table B5 

Feet of R E  Altitude Error  

2L9 
2c9 
2Ll.2 
2 cl2 
iOLy 
l O C 9  
1 O U  
1ocl2 
20L9 
20c9 
20Ll2 
20cl2 

23.4 
23.4 
23.5 
19.8 
28.0 
23.6 
28.0 
35.2 
35.0 
33.8 
33.4 
35.6 

16.8 
u . 0  
18.0 
34.4 
26.6 
19.8 
26.2 
30.0 
34.8 
35.2 
27.4 
25.8 

Table B6 

Sllmmnry o f  Altitude Error Variance 

Source 

Mach Number (M) 
Gust (G) 
Terrain (T) 
MxG 
Mx T 
G x T  
M x G x T  
W 

1 
2 
1 
2 
1 
2 
2 

59 

ss 
1.81 

36.53 . 01 
4.35 
1- 94 

74 
2.21 

234.04 

1.81 
18.26 
.01 

2.18 
1.94 

37 
1.10 
3.97 

E 

46 
4.60 .oo 

.55 
49 

.O9 

.28 

a 

Total 70 281.63 
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Table El7 

Heading Errors Per Minute+ 

2L9 
2c9 
2L12 
2cu  
10L9 
lOc9 
1om 
low 
20L9 
20c9 
20m 
20cl.2 

. 298 

.390 
346 

.353 

.321 

.386 

.328 

.379 
0439 
.320 
*259 
.302 

* These errors are given as square inches of heading error 
per minute, where 1 cm = 2.30 heading error. 

Table B8 

Sununary Cg Heading &or Variance 

Sourca 

Mach (M) 
Gust (G) 
Terrain (T) 
Mx G 
Mx t 
g x  t 
m x g x t  
w 

To tal  

E E 
1 
2 
1 
2 
1 
2 
2 

52 

2.16 . 65 
65 

4.17 
50 

3.56 
3.77 

57.08 

2.16 
32 
65 

2.08 . 50 
1.78 
1.88 
1.10 

1.96 - 
29 

0 59 
1.89 - 

45 
1.62 
1.71 - 

- - 
- - 

63 72 54 



Table B9 

Heart and Reepiratory Rates 

F l igh t  Date Airspeed G Task 
(Mach #I) ( R E  1 

Pilot #1 3/6 0.9 . 039 L 
3/6 0.9 039 c 
3/5 
315 

1.2 
1.2 

050 c 
152 c 

Pi lo t  #3 4/9 Orientation 
4/11 0.9 039 L 
4/19 0.9 . 039 c 
4/16 1.2 .050 L 
4/18 1.2 .050 c 
4/10 0.9 .I25 L 
4/16 0.9 .I25 C 

4/10 1.2 152 L 
4/12 1.2 .125 c 
4h.2 0.9 .236 L 
d 1 8  0.9 .236 c 
4/19 0.9 .236 2 

1.2 .282 L 
1.2 . 282 c 

4/17 
4/13 

ave. L 
ave. C 

P i l o t  #4 4/2 0. 9 039 L 
3/27 0.9 039 c 

1.2 . 050 L 
4/3 1.2 .050 c 
4/5 

3/28 0.9 .I25 L 
3/28 0.9 0125 C 

3/29 1.2 132 L 
4/1 1.2 152 c 

m* F?R* 
(Ave. ) ( h e .  ) 

84 15 
85 12 

83 15 
90 17 

84 20 
77 20 
92 18 

77 16 
71 15 

75 20 
83 17 

77 20 
85 18 

77 20 
85 20 
8G 28 

86 20 
77 20 

78 19 
82 18 

78 l2 
81 10 

75 9 
83 10 

77 11 
85 12 

83 12 
76 8 
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Table B9 (continued) 

4 / 1  
413 

4/5 
44% 

Pilot #5 3/29 

3/27 
414 

3/29 
4/3 

3/28 
3/27 

4/2 
412 

4/25 
4/2 5 

4/2 5 
4/26 

Pilot #6 3/18 
3/21 

3/20 
3/19 

4/23 
4/22 

0.9 
0.9 

1.2 
1.2 

0.9 

1.2 
1.2 

0.9 
0.9 

1.2 
1.2 

0.9 
0.9 

1.2 
1.2 

1.2 
1.2 

1.2 
1.2 

0.9 
0.9 

1.2 
1.2 

.236 . 236 

. 282 

.282 

039 

.050 

.050 

. 152 

.152 

.236 

.236 

.282 

.282 

.io4 

.I21 

.226 

.226 

039 
039 

.152 

.152 

0.9 
1.2 

236 
.282 

1.2 
1.2 

L 
C 

L 
C 

ave. L 
ave. C 

80 
86 

83 
78 
78 
82 

L 
C 

L 
C 

L 
C 

L 
C 

L 
C 

L 
C 

L 
C 

ave. L 
ave. C 

L 
C 

L 
C 

L 
L 

L 
C 

86 

91 
79 

79 
88 

80 
88 

86 
80 

82 
86 

84 
91 

86 
81 
84 
85 

90 
90 

85 
94 

- 

86 
91 

81 
84 

u 
18 

13 
12 
12 
12 

15 

15 
16 

16 
16 

15 
17 

18 
17 

16 
18 

16 
16 

16 
17 
16 
16 

17 
18 

20 
20 

21 
20 

15 
20 



4/24 
4/23 

P i l o t  #7 3/19 
3/18 

3/21 
3/18 

3/20 

3/15 
3/21 

3/20 
3/22 

4/24 
4/23 

4/10 
4/25 

4/12 
3/8 

4/16 
4/11 

Table E@ (concluded) 

1.2 . 236 L 
1.2 .22? C 

ave. L 
ave. C 

.9 039 L 

.9 039 C 

09 03-25 L 
.9 .125 C 

1.2 .152 L 
.152 C 

0.9 .236 L 
0.9 .236 C 

1.2 .286 L 
1.2 .286 C 

ave. L 
ave. C 

0.9 039 L 
0-9 .039 L 
0.9 039 C 

1.2 .OS0 L 
-.C. 1 3  .-I- nm c 

0.9 . 125 L 
0.9 .125 C 

1.2 .152 L 
1.2 .152 C 

1.2 .286 L 
1.2 . 286 C 

ave.L 
ave. C 

77 
82 
85 
87.5 

80 
86 

80 
89 

76 

86 
88 

87 
83 
83 
86-5 

83 
74 
'78 

72 
81 

85 
75 

87 
83 

80 
80 
80 
80 

16 
19 
18 
19 

14 
15 

15 

13 

15 
19 

15 
18 
1 5  
17 

15 
u, 
18 

13 
20 

24 
19 

20 
20 

17 
20 
18 
20 

* Heart r a t e s  (HR) and respiratory r a t e s  (RR) are given i n  beats per 
minute and expirat ions per minute, respectively.  
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Table BlO 

Urinary 17-Ketosteroids and Catecholamine Excretion 

Pi10 t Date 

1. 2/23 a 
3/3 a 
315 b 

2. 2 / ~  a 
2/21 b 

5. 3/18 a 

5/2 b 
4 / l  b 

6. 3/5 a 
3/7 a 
3/19 b 

To tal Total 
Vol. Creatinine 
( d l  (mg) 

2080 2460 
1600 
1940 132 5 

1305 3430 
730 13 70 

1875 1680 
850 U20 

1175 1600 
1020 1615 
710 1260 

780 1385 
1170 1730 

500 710 

1250 1890 
1250 1200 

670 990 

Normal Range min. 1000 1000 
max. 1700 

Catecholamine 17 Ketosteroid 
w/g. 

mg/W creat. W/TV mg/g. creat .  

22.3 9.07 25.8 10.5 
15.0 9.38 16.0 10.0 
19.7 10.2 12.6 6.5 

17.0 11.9 9.9 6.9 
5.4 3.9 10.5 7.7 

18.8 11.2 11.1 6.6 
15.2 10.7 8.0 5.6 

7.4 4.6 8.7 5.4 
8.2 5.1 6.0 3.7 
7.1 5.6 6.5 5.2 

13.9 10.0 9. 1 6.6 
12.3 7.1 17.2 9.9 

5.4 7.6 4.7 6.6 

18.1 9.6 17.8 9.4 
11.1 9.3 7.3 6.1 

5.3 5.4 9.4 9.5 

0 6 12 7 
10.3 10 25 1 5  

"be l e t t e r  a indicates  t h a t  the specimen was obtained before simulated 
f l i g h t s  beg& and b a f t e r  simulated f l i g h t s  had occurred. - 
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Pi10 t 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

'hb le  B11 

Serum Cholesterol 

Data* - 
$ Total  

257 
270 
291 
257 
256 
2 83 
2 85 
260 

163 
170 
173 

220 
240 
246 
233 

240 
2 50 

233 
226 

223 
244 
236 

195 
200 
182 
263 
226 

2 59 

2 59 
335 

Normal range min. 110 
max. 240 

67 
71 
65 
63 
67 
67 
68 
70 

68 
68 
73 

73 

65 

65 

64 
76 

* The letter g i nd ica t e s  t h a t  t he  specimen vas nhtained before sinuletior? 
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f l i g h t s  began and h after simulated f l i g h t s  had occurred. 
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Table l3l2 

Serum Enayme Activities 

ALK 
PH PHI LAP ALD Pilot Date* GOT GP T LDH MDH 

1. 2/25 a 10 
2/28 a 10 
3/1 
3/2 b 23 
3/2 b 26 
3/3 b 33 
3/4 b 13 
3/6 b 
3/8 b 36 
3/9 36 

340 
30 
15 
10 
6 

300 
250 
275 
200 

10 
10 

250 
250 

2. 2/25 b 10 
2/27 b 
3/l b 

2 50 
260 

3. 3/31 a 16 
4/2 a 26 

4/19 b 19 

4. L/1 a 23 
4/2 b 9 

4/4 a 19 

16 
26 
19 
9 

150 
200 
300 
200 

200 
200 
150 
250 

37 380 230 
360 190 
420 190 
310 175 

35 
47 
75 

13 
6 

250 
295 

75 - 350 240 
430 - 

5. 3/18 a 13 
3/20 a 16 
3/22 a 23 
4fl b 9 
4/2 b 13 

13 
16 
6 
6 
13 

200 
200 
300 
250 
250 

360 - 
365 175 
340 210 
400 230 
400 - 

- 
200 
250 
200 - 

6. 3/4 a 9 

3/11 a 7 
318 a 9 

3/6 a 16 

3/22 b 19 
4/24 b 16 

7. 3/11 a 16 
3/22 b 16 

6 
9 

175 
250 

200 
200 

59 
66 

430 200 
510 190 

175 
175 
175 

60 

50 
- 460 215 

430 235 
- - 9 

0 
6 

225 

200 
- 

0 225 

8. ,$/lo a 19 
4/24 b 23 

0 
9 

175 
175 

300 
225 

37 4.20 205 
65 370 215 

Norman Range Min. 0 
m. 40 

0 
20 

150 
300 

150 
300 

10 100 50 
20 310 150 



Table EXl3 

Condition 

2L9 
2c9 
2IJ-9 
2 c u  
iuLy 
lOc9 
1oIJ.2 
l o a 2  
20L9 
2oc9 
20LJ.2 
2 0 c u  

Tests f o r  Pitch Error  Fatigue Effects 

t 

1.86 
2.43 

-42 
8.82 

3-34 . 002 
.01 

1.58 
1.04 

37 . 22 

- 

-- . .IU 

df - 
10 
I2 
6 
10 
6 

10 
10 
8 
10 
6 
8 
12 

Condition 

2L9 
203 
2 u  
2a.2 
10L9 
1oc9 
1oIJ.2 
1ocu 
20L9 
2oc9 
20Lu 
2 0 m  

Table EL$ 

t - 
1-43 
1.43 . 11 
2.81 
4.80 
1.74 
-24 

1-44 
.85 . 00 
1.64 
3.20 

df - 
10 
10 
6 
10 
6 
10 
10 
10 
10 

6 
8 
u 

E! 

E 
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Tests for Longitudinal Control S t i ck  
Displacement h t i g u e  Effects 

L d f  E LIrGuua 
2 L9 
2c9 
2Ll2 
2cl2 
10L9 
1oc9 
10Ll.2 
1OCl.2 
20L9 
20C9 
2 0 u  
20cl2 

Condition 

2L9 
2c9 
2I3.2 
2c12 
lOL9 
1oc9 
1 0 u  
10cu 
20L9 
2oc9 
2 0 u  
20cu 

2 . 286 
7.000 

.300 

1.588 
4.700 
1.136 
3 400 
1.200 
1.656 
1.704 

2 583 

3.4J-1 

3 
3 
3 
3 
2 
2 
5 
2 
3 
3 
4 
5 

Table B16 

Mean Values of Associated Performance Measures 

154 
.232 . 198 
.264 
.202 
-256 
.246 
324 . 284 . 302 . 328 
*u2 

St F - Lag 

4- 0 
5.6 
4.6 
7.4 
5.8 
6.7 
6.6 
5.6 
6- 9 
5.6 
7.8 
9.0 

- 
190 
641 
.610 
.568 
e212 
229 

0446 
1139 
159 . 221 

Gain - 
- 
2% 
.166 
342 

-296 
.220 
064 
304 
404 . 188 . 266 



Table B17 

In t e rco r re l a t ion  of Criterion and Associated Measures 

Pe He Hc RMS S t  G St f Lag 

- - - - S t  .55* .70* -.I2 
.86** 0.26 .90** - - - - G 39 

S t  F -28 34 -.06 .&* .Q* - 
Lag .07 -.06 033 -003 - a 0 5  e 1 9  
Gain 23 50 -.01 .20 .47 -.04 38 

- 
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Figure B1 
P l o t  of bans Under Terrain by Airspeed In te rac t ion  
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l.4 

1.3 - 
1.2 - 
1.1- 
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k 
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& 
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- 
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.1- 

Figure B2 
Pi tch  Error as a Function of Gust 

2Lfl 
2L12 

1 I I 

65 



2.0 

1.8 

1.6 

1. r, 

1.2 

1.0 

.8 

.6 

04 

.2 

1 1 r 
2 10 20 

Gust In tens i ty  

Figure B3 
P l o t  of  Means Under Terrain by G u s t  Conditions 
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APPENDIX c 
PILOT DYNAMIC RESPONSE 

Details of Human Transfer Function Synthesis and Scoring Procedure 

The t r ans fe r  function synthesis  technique used i s  described i n  Refer- 
ence 30. 
f o r  a i r c r a f t  a l t i t u d e  and p i tch  c m t r o l .  
synthesized i s  f o r  t he  p i l o t  and control  s t i c k  combined. 
represents t he  angle between t h e  longi tudina l  a x i s  of t he  a i r c r a f t  and 
the  horizontal plane whereas ., represents  t h e  angle  between the  ve loc i ty  
vector  and the  horizontal  plane, i.e. 

Figure AS, page 42, presents  a block diagram of t h e  s igna l  flow 
Note t h a t  the  t r a n s f e r  function 

Also note that eo 

o = e o  - a  
w h e r e a  i s  t h e  a i r c r a f t  angle of a t tack.  

The e r ro r  signal ( e )  displayed on t he  CRT was a weighted function of 
t h e  p i tch  e r r o r  (Pe) and a l t i t u d e  e r r o r  (he). 
CRT represented 100 of p i tch  e r r o r  o r  400 f e e t  of a l t i t u d e  error . )  Thus, 
one radian of  Pe yielded the  same E displacement as 2286 f e e t  of he. A 
t r a c e  of the e r r o r  s igna l  a c t u a l l y  tracked during f l i g h t  was obtained (see 
t h e  e r ro r  signal t r ace  on the  same performance record, Figure A12,  page 49. 
The areas  under the  curves of t he  t r ace  were measured with a planimeter t o  
provide a measure that was proportional t o  t h e  t o t a l  integrated absolute  
e r r o r  ( These measurements a r e  i n  square inches. They a r e  studied 
i n  t h i s  form because the  displayed e r r o r  represented a combination of pro- 
jec ted  pitch e r r o r  plus  a l t i t u d e  e r ror .  The u n i t s  of t he  p i l o t  gain (K) 
i n  t h e  synthesized TF a r e  radians of s t i c k  def lec t ion  per inch of e r r o r  on t he  
CRP. 

(One inch of e r r o r  on t h e  

/ E / d t )  e 

The l a g  coef f ic ien t  (T) is  expressed i n  seconds. 

The negative values of and K t h a t  were occasionally obtained a r e  due 
t o  an  a r t i f a c t  of t h e  coef f ic ien t  determining c i r c u i t .  
by subs t i tu t ing  an e l e c t r i c a l  "Manalog" f o r  t he  man (see Reference 30).  
f e r  function coef f ic ien ts  of t he  Manalog a r e  selected t o  be representat ive of 
t h e  man's f o r  t he  p a r t i c u l a r  t racking  condition. The accuracy with which t h e  
TF synthesis c i r c u i t  reproduces the  known values of t he  TF coef f ic ien ts  f o r  
t h e  Manalog has been found t o  be very high f o r  a va r i e ty  of t r a n s f e r  function 
values. The TF synthesis  c i r c u i t  has been found, however, t o  produce art i-  
f a c t u a l  resu l t s  f o r  pos i t ive  Manalog coe f f i c i en t s  c lose t o  zero, viz., it 
has been found t o  y i e ld  negative values under such circumstances. For t h i s  
reason, the negative values of '7 and K indicated i n  Figures C1 and C2 a r e  
t o  be considered equivalent t o  a nominal value of zero. The f a c t  that t h e  
coeff ic ients  obtained a r e  sometimes negat ive i s  an  ind ica t ion  of e r r o r s  of t h e  
synthesized values due t o  uncorrelated noise  in j ec t ed  by the  operator and 
t h e  equipnent . 

This c i r c u i t  i s  t e s t e d  
Trans- 
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Figure c1 
Human eansfer Function Lag Coefficients (7) 
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Figure Q 

Human Transfer Function Gain Coeff ic ients  (K) 
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Figure C3 
Integrated Absolute Error Scores 
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High Gain 
Correction Low Gain 

Correction 

-.- 

Figure C4 
Output pa t t e rn  f o r  an i n t e g r a l  f i l t e r  
i n  response t o  a ramp function. 
difference A2-A,- represents  the reduc- 
t i o n  i n  e r r o r  during the  l a g  time 7 
achieved by the increase i n  system gain. 

The 
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APPENDIX D 

SIDE-STICK CONTROmR EVALUATION 

The longi tudinal  s t i c k  force  and displacement per  u n i t  acce le ra t ion  f o r  
t h e  s ide  am con t ro l l e r  are: 

The l a t e r a l  control  gain was such t o  give .04 radians of a i l e ron  def lec t ion  
per  inch of control  displacement. 

was discovered t h a t  it was very d i f f i c u l t  i f  not impossible t o  make longi- 
t ud ina l  cont ro l  inputs  without making inadvertent l a t e r a l  inputs. This 
cont ro l  coupling was a t t r i b u t e d  t o  the  extremely l i g h t  cont ro l  forces  neces- 
s a ry  and t h e  s imi l a r i t y  of both longitudinal and l a t e r a l  cont ro l  force- 
displacement charac te r i s t ics .  
by placing foam rubber around the  control  l eve r  and ins ide  t h e  case so that 
t h e  l a t e r a l  control  forces  were essent ia l ly  doubled while t h e  longi tudinal  
forces  were only s l i g h t l y  increased due t o  increased f r i c t i o n .  
dead band i n  the  l a t e r a l  mode was also increased t o  fu r the r  prevent t he  
inadvertent  l a t e  ral inputs . 

During the  i n s t a l l a t i o n  and checkout of th6 s ide  am cont ro l le r ,  it 

The side arm con t ro l l e r  was therefore  modified 

The e l e c t r i c a l  

COMPARISON OF SIDE-STICK AND CENTER-STICK COmROLIJ3R SCORES 

I. CONDITION 10L12 

Variable Center-Stick Side-Stick 

Pe 
He 
Hc 

RMS S t  

S t  F 
NL 

k g  
Gain 
m 
RR 

.378 deg. 

.41 sq.in. 

.037 in .  

.llOG (Peaks f1.2) 
6.20 min. 

12.8 ft. 

.Og I sec. . 115 
82 . 5/min . 
15 . 5 / d n  . 
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TABU D1 (CONTINUED) 

11. CONDITION 10C1.2 

Variable Center-Stick Side-Stick 

Pe 
Hc 
Hc 

RMS St 
NL 
St F 

Lag 
Gain 
HR 
RR 

1.69 deg. 

.3O sq.in. 

.344 in. 

.155 G (Peak k1.2) 
5 . 68/min. 
.116 sec. 

36.6 ft. 

. - 
91 . O/min . 
18 . 5/min . 

1-52 deg. 
22.7 ft. 
.27 sq. in. 

.130 (Peak k.9) 

,160 sec. 
0133 

87.5/min. 
18 . o/min. 

-072 In. 

8.03/min . 

111. CONDITION 20L1.2 

Variable Center-Stick Side-Stick 

Pe 
He 
Hc 

€us St. 
NL 
St F 

Lag 
Gain 
RR 
RR 

1.00 aeg. 
31.3 ft. 
.35 sq.in. 
.404 in. 
.292 G (Peaks 22.0) 

9.55 min. 
.29 I sec. . 294 

86.5/min 
16.O/min 

.39 deg. 

.47 sq.in. 

.036 in. 

.231 G (Peak t1.6) 
5.lO/mtn. 
.O72 sec. 

8.90 ft. 

.160 
81.5/min 
18.O/min 
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TABLE D1 (CONCLUDED) 

IV. CONDITION 20C1.2 

Variable Center-Stick Side-Stick 

Pe 
He 
Hc 

Rm St 

S t  F 

Gain 
FIR 
RR 

*L 

~ 

1.78 deg. 1.46 deg. 

.37 sq.in. .18 sq.in. 
*L53 ill. 0962 ir. 
.2896 (Peaks 52.0) 

ii.18/min . 8 . 10/min. 
.292 sec. -088 sw. 

34.5 ft. 13.8 ft. 

.2246 (Peaks k1.4) 

.381 
88 . 5/min . 
19 .O/min. 

.131 
81,5/min. 
18 . o/min . 

NOTE: The symbols for  variables are iden t i ca l  i n  meaning t o  those previously 
used . 

TABLE D2 

SIGNIFIcAmCE TESTS BETWEEN SIDE-STICK AND CENTER-STICK SCORES 

Variable 

Pe 
He 
Hc 

RMS S t  
NL 

S t  F 
ff 
K 
m 
RR 

t - 
4.000 
4 . 214 

8.444 
5 949 

.854 
2.352 
1.946 
1 . 961 
1.890 

- 159 

Gf 

7 
7 
7 
7 
6 
5 
4 
7 
7 
7 
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Figure D1 
NASA Side-Stick Controller: 

Longitudinal Force-Displacement Character is t ics  



Figure D2 
NASA Side-Stick Controller: 

Lateral Force-Msplacement Characteristics 77 



Figure D 3  
Position of side-stick cont ro l le r  i n  cockpit 
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Figure D4 
Close-up of  side-stick control ler  
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RMS P i tch  Error  
Side-Stick - Center-Stick Comparison 
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Side-Stick - Center-Stick Comparison 

RMS Altitude Error 
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Side-Stick - Center-Stick Comparison 
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APPENDM E 

PILCITS'S COMMENTS 

Comments When Center-Stick Control was Used 

P i l o t  1 

Cockpit ven t i l a t ion  not  t oo  good. (A ven t i l a t ing  fan was l a t e r  installed..) 
The (electrode) patches may be i r r i t a t i n g  a f t e r  a week o r  two. 
a l t i t u d e  e r r o r  from f a i l u r e  of pi tch-al t i tude hook-up....probably a t  t h e  be- 
ginning of t h e  tape. Gust and t e r r a i n  tape should be stopped before  t h e  end 
t o  get  r i d  of  t r a n s i e n t  signals. 
t e r r a i n ,  performance may be worst a t  t h e  2'/sec gust level .  There i s  an un- 
desirable s h i f t i n g  force deadband. 
a t  a higher rate than the  r a t e  (2  f t / s ec  gusts) that  you put on. 
gust l e v e l  i s  b e t t e r  (than t h e  2 f t / s e c  level) ,  bu t  t h e  washout c i r c u i t  i s  
s t i l l  noticeable f o r  large s t i c k  inputs.  The washout problem a t  2 f t / s e c  i s  
worse with contour t e r r a i n  than with l eve l  ( t e r r a i n )  because of t he  smller 
inputs  i n  level f l i g h t .  The 20 ft /sec gust l e v e l  gives a p r e t t y  rough ride. 

You ge t  extra  

Because of control  system problems and 

The washout c i r c u i t  i s  gust- l ike and 
The 10 fY/sec 

P i l o t  2 
Comments of t h i s  p i l o t  are those made i n  h i s  t r i p  report:  

Lateral force gradient is t o o  hi@firelative t o  p i t ch  force gradients;  
r e su l t i ng  i n  poor control  f e e l  harmony. The f a c t  that rudder pedal forces and 
de f l ec t ion  have no e f f e c t  on control  of the simulator adds t o  t h i s  deficiency. 

No n i l e ron  trim f e a t w e  i s  prnvided and c n n c t n t  presswe m s t  b e  helc? 
t o  raaintain a cons-t bank angle. 
t r o l  f o r  a well designed airplane.  In a f lying t a sk  where instrument in t e -  

required t o  maintain a desired bank angle. 
s t i c k  forces  should be trimable t o  zero force. 
resul ted i n  a r o l l  o s c i l l a t i o n  when attempting t o  maintain a n  a i m  bank angle 
and cross  check p i t ch  control. Pi tch control information was presented on a 
cathode ray tube, bank angle and heading in fo rmt ion  was presented on an 
a t t i t u d e  indicator .  The combined e f f e c t  of poor la teral  control,  and not 
having p i t c h  cormrrrnd information on t h e  a t t i t u d e  ind ica to r  resul ted i n  reducing 
bank angle t o  10 t o  20 degrees, when turning t o  a cormnand heading, ra ther  than 
t h e  recommended 30 degree bank angle. 
degrees, simulator control  was unsatisfactory. 

This is not a good simulation of barii con- 

bzuyJ.y.u n r a + 4 r r -  ~= * "  .."Ad u3=u for ~ ~ q j ~ ~ l ~  corltr&, 'Lateral st:cE; =----- L U L L C ' b  - L - - - T =  'b1lUUIU --A LlUb 7-- ue 
Once a bank angle i s  established, 

In t h e  simulator t h i s  deficiency 

For bank angles of g rea t e r  than 20 

The instrument panel layout was very poor because t h e  off-center  grouping 
does not a f fo rd  good cross  check reference and increases instrument integrat ion 
learning time. 
m c t i  onal grouping. 

A relocation of instruments was suggested t o  provide b e t t e r  



Gust simulation was very good. The simulated gust conditions f e l t  very 
much l ike  a c t u a l  turbulence which I have experienced, 
loads, visual acu i ty  i s  very much reduced. 
tained; but "caging t h e  eyeballs" t o  discriminate accurate v i sua l  cues of 
smll magnitudes ge t s  progressively more d i f f i c u l t  as gust i n t e n s i t i e s  a r e  
increased. 
placement e r r o r  and accepting a blurred v i sua l  t a r g e t  as t h e  r e s u l t  of small 
rapid movements due t o  gusts  and not as a loss of v i s u a l  focusing. 

With t h e  higher gust 
Focus i n  depth, I think, i s  main- 

A t  the  higher l e v e l  gust of 20 f"t/sec, I was f l y i n g  a mean d is -  - 

Fla i l i ng  of t h e  am, holding t h e  control  s t i c k ,  introduces random s t i c k  
inputs  when f l y i n g  a t  t h e  higher gust loads  of 20 ft /sec.  
r e s u l t  in t h e  simulator departing from the  desired a i m  f l i g h t  conditions of 
t e r r a i n  clearance and heading. 
i n t e n s i t y  where the t a s k  of maintaining a t e r r a i n  clearance and aim heading 
becomes impossible. 
t h e  airplane and t h e  p i l o t ;  and when encountered t h e  only correct ive ac t ion  
possible is t o  depart  t h a t  area of gust a c t i v i t y ,  i f  possible. 

These random inputs  

I expect that the re  i s  some l i m i t  of  gust 

The gust l e v e l  i n t e n s i t y  where t h i s  nay occur depends on 

The f l y i n g  t a s k  with gust load conditions other  than 20 f t / s ec  was 
n e i t h e r  d i f f i c u l t  o r  fatiguing, bu t  r a t h e r  very boring. Even a t  the  gust  
load condition of 20 f t /sec,  though much more d i f f i c u l t ,  t he  t a sk  was s t i l l  
very boring. The boredom experienced was a r e s u l t  of f l y i n g  a t a sk  which 
required very l i t t l e  c rea t ive  o r  i n t e l l i g e n t  analysis ,  i f  any, f o r  a very 
long time period. 
simple binary decisions. One is  t o  go up o r  down, t h e  other t o  t u r n  l e f t  o r  
r i gh t .  P i l o t s  control  a i rplanes by analysis  and integrat ion of many more 
factorsthan j u s t  t h e  solut ion of two simple binary tasks. 
t a sks  where creat ive o r  i n t e l l i g e n t  ana lys i s  i s  eliminated m y  r e s u l t  i n  a 
condition where, out of boredom, the p i l o t  becomes sleepy o r  acquires alack- 
ada i s i ca l  a t t i t u d e  o r  possibly one of complete d i s i n t e r e s t .  
t h e  f a c t  t h a t  I was supposed t o  be f l y i n g  a t  500 f e e t  t e r r a i n  clearance, as 
a stimulus t o  t r y  t o  maintain a high l e v e l  of  interestbecause of the po ten t i a l  
danger associated with low l e v e l  f lying. 

P i l o t  analysis  t o  f l y  t h i s  simulator reduces t o  two very 

Reducing t h e  p i l o t  

I kept r eca l l i ng  

During t h e  f i rs t  few f l i g h t s ,  I not ices  a b lu r r ing  of vision af ter  about 
40 t o  50 minutes of flying. It was analyzed t h a t  t h i s  reduced visual acu i ty  
was t he  r e s u l t  of a mild case of hypoxia and eye fatigue.  
was due t o  the oxygen mask modification t o  accommodate a pnemotochograph 
sensor. 
and no provision f o r  un res t r i c t ed  inflow o f  a i r  was made. 
b rea th  accumulated i n  t h e  mask and was not replenished by f r e sh  a i r  oxygen. 
This resulted i n  re-breathing exhaled air  which had an oxygen content l e s s  
than that of normal air. From t h e  above analysis ,  it i s  evident t h a t  af ter  
some time p r id ,  f o r  me about 40 t o  50 minutes, t h e r e  would be some symptoms 
of  hypoxia.' Once t h i s  was recognized I was a b l e  t o  avoid the  occurrence of 
hypoxia by l i f t i n g  the  mask of f  my face and hypervent i la t ing about every 20 
t o  30 minutes. 
immediately evident. 

IC There were no correlat ions of p i t ch  and a l t i t u d e  e r r o r s  with these subject- 
i v e  changes. 

Cause of t h e  hypoxia 

This modification f i l l e d  t h e  oxygen supply hose opening of t he  mask 
Therefore, exhaled 

By taking t h i s  act ion,  a n  improvement i n  performance was 
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The eye f a t igue  mentioned above i n  t h e  preceding paragraph resul ted from 
continuous focusing on the  instrument panel, a depth of about 36" from t h e  s e a t  
reference l i ne .  I was able  t o  reduce t h i s  fatigue a great  d e a l  by per iodical ly  
glancing out of t he  cockpit a t  a far w a l l ,  about 25 feet away. 
t r i b u t i n g  f a c t o r  t o  eye fat igue i s  a r e s u l t  of t he  cockpit l ight ing.  
e n t i r e  cockpit and instrument panel was very black during the  f l i g h t  with only 
t h e  t e s t  instruments illuminated. A few number of t e s t  instruments mounted on 
a black instrument panel d id  not provide enough v i sua l  a c t i v i t y  t o  prevent me 
from experiencing some auto-kinesis of t h e  instruments and p i l o t  spac ia l  
disor ientat ion.  Again, I was able t o  eliminate t h i s  sensation by per iodical ly  
glancing out of t he  cockpit a t  a far wall, even though t h e  room was very dark,  

Anadded con- 
The 

The longi tudinal  short period dynamics and control  c h a r a c t e r i s t i c s  of 
die sixi&tor fo? this + ~ m -  W J Y -  cf a i s s i ~ ~  ~ n d  f o r  the cond.it.5.m~ flown appear 
s a t i s f ac to ry .  The t e r r a i n  contour flown wes one of r o l l i n g h i l l s ,  and 
therefore  any favorable comment must be r e s t r i c t ed  t o  t h i s  parameter and 
not  extended t o  mountainous t e r r a i n .  

.L 

The NAA G-Seat as a f l i g h t  simulator for  invest igat ion of low a l t i t u d e ,  
high speed f l i g h t  problems appears s a t i s f ac to ry  within the  l i m i t  of experiment 
objectives. The experiment objectives were t o  assess  human c a p a b i l i t i e s  and 
l imi t a t ions  i n  low a l t i t u d e ,  high speed f l i g h t .  

For possible future  simulator s tudies ,  bank angle should a l s o  be 
commanded. I n  an actual  s i t ua t ion ,  t he re  i s  a minimum bank angle t h a t  would 
give a required m a x i m  allowable turning radius t o  avoid a given t e r r a i n  
condition. This minimum bank angle should be commanded s ince any smaller 
bank angle would r e s u l t  i n  t e r r a i n  impact. 

The instrument panel should be painted grey and b e t t e r  cockpit illumin- 
a t i o n  should be provided. This would more closely simulate a n  a c t u a l  cockpit 
environment, reduce auto-kinesis of the i i i s t r i ~ i i t a ,  p 2 h t  a p z i a l  d i s m i e n t a -  
t i o n  and eye fatigue.  

Use of a side s t ick  con t ro l l e r  for this type of mission siiould be in- 
vestigated.  
random inputs  from arm f l a i l i n g  may be eliminated. 

With a properly designed arm res t r a ine r  and side s t i c k  control ler ,  

P i l o t  4 

I 
Pi t ch  indicatorof AAI helped very l i t t l e  i n  p i t ch  control.  Too l i t t l e  

I 
! 
I 

s e n s i t i v i t y  f o r  mking  p i t ch  corrections.  Thought so a t  first,  but have now 
learned t o  use it. 
This is a r e a l i s t i c  instrument f l y i n g  task,  F l i e s  l i k e  a plane, i n  that l i f t  
has  t o  be used i n  a turn. When r o l l i n g  into a turn,  you l o s e  a l t i t u d e  and 
have t o  add back pressure on t h e  s t i c k  t o  maintain a l t i t u d e .  A s  i n  normal 
instrument f lying,  t h e  AAI i s  t h e  p r i m r y t r a n s i t i o n  instrument; it i s  the  

t u r n  rates low o r  bank less than (your recomended)30 degrees. I f ind  15-20 
degrees gives bet ter  control  of t e r r a i n  task while turning. 

Scanning important t o  maintain a closed control  loop. 

I 
I primary instrument t o  monitor. Can minimize apparent H e  i n  t u r n s  by keeping 

Pi tch r o l l  qu i t e  I 

I I pronounced. Must have a l o t  of a i l e ron  yaw. Feel system p r e t t y  sens i t i ve  f o r  



t h i s  task. More a pressure than a displacement system. Can use sound cues 
from hydraulic .fluid sounds ( i n  l e v e l  f l i g h t ) .  
r e su l t s  w i l l  be conservative. 
A t  20 ft/sec, b lu r r ing  is  consistent and constant. 
harder t o  f l y  than l e v e l  ( t e r r a i n ) .  
cular ly  fatiguing. 
two ways: visual acu i ty  decreases due t o  head movements, and involuntary 
s t i c k  movements (are greater) .  
than the others,  but  it i s  not, e.g. twice as f a t igu ing  as 10 f t /sec.  

Link t r a i n e r s  do t h i s .  G-seat 
Things ge t  blurred a t  highest  10 ft /sec runs. 

Contour ( t e r r a i n )  i s  

The 20 f t / s e c  (gust)  l e v e l  d e t r a c t s  from performance 
The 10 f t /sec gust l e v e l  i s  not p a r t i -  

The 20 f t /sec gust l e v e l  i s  more fat iguing 

P i l o t  5 

Fatigue doesn' t  come from e f f o r t ;  it i s  more l i k e  boredom; t h e  eyes 
become unfocused; i t ' s  l i k e  dr iving fatigue.  Used t o  t h e  f ly ing  q u a l i t i e s  
now (af'ter t he  first f l i g h t ;  t h i s  showed up c l e a r l y  on t h e  performance records). 
Too much (control  s t i c k )  f r i c t i o n  l a t e r a l l y ,  a l s o b n g i t u d i n a l l y .  The t r ack ing ' s  
f a i r l y  easy. 
t o o  much at tent ion.  
a t  2 f't/sec). 
a r e a l  airplane,  both l a t e r a l l y  and longitudinally,  due t o  t h e  breakout f r i c t i o n  
and control movement. 
between 2 and 10 f t / s e c  gusts a t  low a l t i t u d e  most of t h e  time. 

P i l o t  6 

It works b e t t e r  when the  rate of climb ( ind ica to r )  i s n ' t  given 
I s t a r t e d  t o  d r i f t  o f f  t h e  l a s t  1 5  minutes ( a f t e r  a run 

Gust i s  simulated qui te  well, but  t h e  a i r c r a f t  f e e l  i s n ' t  l i k e  

From my experience, real a i r c r a f t  seem t o  encounter 

(The t a sk )  takes  constant supervision because f l y i n g  q u a l i t i e s  a r e  poor. 
Not t h a t  i t ' s  hard t o  f l y ;  it j u s t  needs constant supervision. I bel ieve 
performance stayed constant throughout t h e  m. Not too  t i r i n g .  R/C t o o  
sensit ive,  especial ly  i f  it drifts o f f .  It ind ica t e s  more than it r e a l l y  is. 
Plane does not f e e l  damped enough i n  r o l l ;  it tends t o  over-control i n  ro l lou t .  
This feeling i s  intermit tent .  No harder t o  control  a t  20 f t / s ec  than 10 f t / s e c  
(gust levels) .  Might do a l i t t l e  worse a t  2 than a t  10 o r  20 f't/sec because of 
boredom a t  2 f t / s ec .  
a few f l igh t s ) .  

Have learned t o  compensate f o r  l a rge  breakout force ( a f t e r  

P i l o t  7 

t h e )  nose ( is)  down i s  g rea t e r  than t h e  force gradient when t h e  nose i s  up. 
The plane is neu t ra l ly  s t a b l e  ( the airspeed was constant). 
D i f f i cu l t  t o  f ly ,  bu t  could get  used t o  it. 
but  did improve from t h e  first day ( t h i s  comment was made on t h e  second day). 
Am learning t o  f l y  t h i s  simulator. 
10 ft/sec. 
because it keeps t h e  p i l o t  busy...no boredom. 

Force gradient and breakout forces  t o o  great.  The force gradient (when 

F l igh t s  not t i r i n g .  
D i d  not improve during the  mission, 

I t ' s  harder t o  s t a y  amused a t  2 f t / s e c  than 
This gust  l e v e l  (20 f t / s e c )  a c t u a l l y  b e t t e r  than t h e  lower levels ,  

P i l o t  8 

Comments of t h i s  p i l o t  were made i n  h i s  report  on t h e  study, and are 
l i s ted  a s  they a r e  given in t h i s  report .  
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Airc ra f t  and Gust Simulation 

The a i r c r a f t  motion i n  heave resu l t ing  from smll t o  moderate amplitude 
cont ro l  appl ica t ion  was well simulated. 
were quickly washed out and t h i s  resul ted i n  lower G-seat response than would 
be normal under a c t u a l  conditions. 

The la rge  amplitude s t i c k  inputs  

The a i r c r a f t  respanses were c l ea r ly  v i s ib l e  on t h e  A A I  and they appeared 
t o  correspond c lose ly  t o  an t ic ipa ted  motion i n  5 degrees of freedom. 

The cont ro l  f e e l  i n  p i tch  had some e f f ec t  on t racking  accuracy. A t  low 
gust  l e v e l s  it reduced the  cont ro l  accuracy, while a t  high gust ve loc i t i e s ,  
by masking some o f t h e  feedback from body motion, it tended t o  improve mission 
tracking. 

The simulaticnof gust response a t  high speed and low l e v e l  was very good 
i n  amplitude and frequency and closely resembled a c t u a l  f l i g h t  conditions 
experienced under these  conditions. 

The Mission 

A night  mission on partial instrumentation was simulated wi th  a r e a l i s t i c  
d i sp l ay  of a l imited task. 
possible  extension of f indings t o  the  f'uture mission, an allowance must be made 
f o r  t h e  comparative s impl ic i ty  of t h e  t a s k  as presented i n  the  simulator. 
a p r a c t i c a l  mission of t h i s  kind, t h e r e  w i l l  be severa l  o ther  f ac to r s  which 
will tend t o  complicate it. 
t.imes more severe t.har? c m ~ l d  be negotiated i n  prac t ice ,  tended t o  o f f - se t  t h i s  
problem t o  some small degree. 

I n  measuring p i l o t ' s  performance with the  view of 

I n  

In our case the t e r r a i n  following task,  being a t  

Environmental Effects  

An adequate ven t i l a t ion  of t he  cockpit area i n  the  G-seat was e s s e n t i a l  
t o  ensure that i t s  lack did not influence experimental r e s u l t s  t o  a l a r g e r  
degree than some of t h e  control led variables i n  the  mission. 
from externa l  disturbances, while on the  task, i s  important f o r  similar reasons. 

P i l o t ' s  i so l a t ion  

Psychological Considemtians 

The f a t igue  experienced during the  course of runs appeared t o  have i t s  or ig in  
mainly i n  t h e  eye f ixa t ion  r e su l t i ng  from continuous eye convergence onto t h e  
d i sp lay  panel and t h e  need f o r  f u l l y  focused v is ion  a t  closed and f ixed dis- 
tances. 
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Unless the  eyes were allowed t o  r e s t  f o r  a minute o r  so, t he  "switch- 
offs"  were experienced which resul ted i n  a momentary loss  of t racking per- 
formance. The e f f e c t  of these on the  €US height  e r r o r  and RMS p i tch  
e r r o r  were very ser ious and care  should be taken not t o  i n t e r p r e t  these  as 
indicat ions of general physical fa t igue,  bu t  r a t h e r  as area local ized fat igue.  

The "switch-offs" appeared t o  be reinforced by j a r r i n g  of theeyes i n  
heavy gust l eve l s .  

The experience of above mentioned e f f e c t s  m y  be a very ser ious f a c t o r  i n  
concentrated long duration mission of LAHS category t o  a much g rea t e r  degree 
than previously recoguized i n  the  instrument f l i g h t  under IF%. 
of ground cons t i tu tes  t he  dangerous aspect  accompanying t h i s  mission. There 
appears a very urgent need f o r  thorough inves t iga t ion  of t h i s  c o d i t i o n  with 
the  vlew of overcoming i t s  e f f ec t s ,  i f ,  i n  f a c t ,  t h i s  type of mission i s  
envisaged . 

The proximity 

A s u p e r f i c i a l  examination of o ther  p i l o t s ' s  records c l e a r l y  indiaated 
periods of switch-offs s imi la r  i n  e f f e c t  t o  those experienced subject ively 
by the  writer. 

On t he  basis of subject ive view on performance of t h i s  mission, it appeared 
that, motivation followed by technique of f l y i n g  and individual  physical 
make-up ( i n  that order) a t  s i d l a r  all-round l e v e l  of f l y ing  experience, might 
account for the  difference between individual  performances i n  the  same type 
experimental runs. 

Comments When Side-Stick Control was Used 

P i l o t  5 

The job i s  much e a s i e r  (with the  s ide - s t i ck )  than with the  center-s t ick.  
Would l i k e  t o  see d i f f e r e n t  spr ing constants fo re  and af t .  
i s  needed for t he  cont ro l le r ;  it could possibly be swiveled so it f i t s  t he  
angle  of t h e  hand. 

Bet te r  posi t ion 

The previous s t i c k  was not  t oo  good. 
out forces, it was hard t o  get precise  movements. The side-arm i s  b e t t e r  
than the center-s t ick,  but  probably not  as much as t h e  records show. The 
s ide-s t ick i s  very easy t o  catch on to .  My arm d idn ' t  get t i r e d  i n  1 1/2 
hours; I w8s q u i t e  comfortable. 

Because of f r i c t i o n  and the  break- 

The fa t igue  ( i n  both center-and s ide-s t ick  f l i g h t s )  is l i k e  dr iv ing  
fatigue. It va r i e s  i n  onset. Sometimes it doesn't appear a t  a l l ,  sometimes 
after 10 minutes. But, generally, it s e t s  i n  during t h e  last  half hour. 

P i l o t  6 

Much more easy and relaxing than the  center  s t ick .  No not iceable  arm 



fa t igue.  
awhile. 

I was t ense r  on t h e  knob a t  the  beginning; held it looser  a f t e r  
(AFter first f l i g h t  wi th  t he  s ide-s t ick) .  

Arm became t i r e d  a f t e r  awhile due t o  keeping it i n  one pos i t ion  f o r  
a long time. You should be ab le  t o  move it around t o  ease cramped muscles. 
I w'as wide awake today, but  yesterday I was very t i r e d  and began dozing o f f  
after a half hour o r  so. 
t a lked  about. 

This might explain the  increase i n  He that we 

The s ide-s t ick  i s  probably more susceptible t o  fgtigue before  flight, 
that is, when you're t i r e d  t o  begin with. 
with the  center -s t ick) ,  maybe because o f  a lack  of things t o  do and the high 
degree cf rel&xa%icne 
ment over t h e  center-s t ick.  This may be due, i n  part a t  l e a s t ,  t o  t he  f a c t  
that the  f e e l  of the  center-s t ick was not too good. 

Boredom i s  more of a problem ( than 

I l i k e  the  s ide-s t ick i n  general, i t ' s  qu i t e  an improve- 

Corrections a r e  much e a s i e r  t o  make with s ide-s t ick.  There i s  less 
coupling between r o l l  and pitch. 
i n  gust due t o  the  arm being cooped up. 
bu t  it probably would be redesigned i f  it were t o  be made operational. 
arm was a l i t t l e  sore  a f t e r  f l ight ,  so there is  some discomfort. 
whole r i g  could be on a swivel. 
is  of l i t t l e  value. 

There a re  fewer inadvertent  s t i c k  inputs  

My 
The r e s t r a i n t  is  not  uncomfortable, 

k y b e  t h e  
The sponge under the  knob (on t he  s ide-s t ick)  
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GLOSSARY 

Symbol 

fn  undamped na tu ra l  frequency of a i rp l ane  

Fd short  period longi tudinal  dynamics l a t e r a l  
d i r e c t i o n a l  undamped frequency 

control  s t i c k  force 
FS 

g accelerat ion of g rav i ty  

h a l t i t u d e  

t e r r a i n  a l t i t u d e  

p i t ch  e r r o r  scal ing constant f o r  CRT 

a l t i t u d e  e r r o r  scal ing constant f o r  CRT 

ht 

K1 

K2 

(or M )  Mach number 

p i t ch  damping dimensional de r iva t ive  

Mcc p i t ch  control  dimensional de r iva t ive  
Mq 

v e r t i c a l  gust veloci ty  g W 

6 5 control  s t i c k  displacement 

T2.5 t e r r a i n  p i t ch  a t  a point 2.5 sec ahead of t h e  
a i rp l ane  

RMS root  m e a n  square 

1P distance from p i l o t  t o  C.G. ( l p  = 25 f t )  

4 
(d 

REn,/ gust s e n s i t i v i t y  f a c t o r  
RMSwg 

damping r a t i o  - longi tudinal  short  period 

damping r a t i o  - l a t e ra l  d i r e c t i o n a l  

U frequency 

cycles per  
second 

cycles per  
second 

pounds 

32.2 fee2 
per sec. 

feet 

f e e t  

l/second 
l/second 2 

f e e t  per  
second 

inches 

f e e t  

g/foot / 
second 
radians/ 
second 
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Unit - 
normal load f a c t o r  at p i l o t  

undamped na tu ra l  frequency of airplane 
short  period longitudinal dynamics 

l a t e ra l -d i r ec t iona l  undamped natural  
frequency 

r o l l  control  coupling parameter 

forward ve loc i ty  

multiple of normal force of gravity 

p i t ch  angle 

roll angle 

yaw angle 

s i d e s l i p  angle 

angle of a t t ack  

longitudinal control  surface deflection 

la te ra l  control  surface deflection 

altitude e r r o r  

p i t c h  e r r o r  

heading error 

root mean square of longitudinal 
control  s t i c k  displacements 

frequency of control  s t i c k  movements 

p i l o t ' s  l a g  

p i l o t ' s  gain 

radians/ 
second 

radians/ 
second 

f e e t  per 
second 

non- 
dimensional 

radians 

radians 

radians 

radians 

radians 

radians 

radians 

feat 

degrees 

degrees 

inches 

minutes 

seconds 

radians/ 
inch e r r o r  
on CRT 
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Symbol 

E 

HR 

RR 

df 

ss 
MS 

F 

P 

Q 

94 

integrated t o t a l  e r r o r  

hear t  r a t  e 

r e sp i r a to ry  r a t e  

degrees of freedom 

sum of squares 

mean squares 

F-ratio 

confidence l e v e l  

standard deviation 

Unit - 
square 
inches 

beats/ 
minute 

expirat  ions/  
minut e 
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